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Description
[Technical Field]

[0001] The present invention relates to a method for controlling an engine. The present invention also relates to an
engine system.

[Background Art]

[0002] Patent Literature 1 discloses a control device for a diesel engine. Specifically, the control device described in
Patent Literature 1 is configured to expand or reduce a low-temperature premixed combustion region in accordance with
the setting of a preignition limit, which is the limit of the fuel injection timing.

[0003] In addition, Patent Literature 2 discloses a control device for an internal combustion engine. Specifically, the
control device described in Patent Literature 2 is configured to keep the timing at which the last fuel injection in one
combustion cycle is finished (last injection timing) within a predetermined effective injection period.

[0004] Inaddition, Patent Literature 3 discloses another example of a control device for an internal combustion engine.
Specifically, the control device described in Patent Literature 3 is configured to perform ignition timing feedback control to
keep the ignition timing at a knocking limit at which weak knocking occurs.

[0005] Inaddition, PatentLiterature 4 discloses a control device fora vehicle. Specifically, the control device described in
Patent Literature 4 is configured to retard the ignition timing of a spark plug within arange on the advanced side relative toa
predetermined retard limit. Here, the retard limit described in Patent Literature 4 means alimit value on the retarded side at
which the combustion stability of the engine is ensured.

[Citation List]
[Patent Literature]
[0006]

[Patent Literature 1] Japanese Patent Laid-Open No. 2009-047014
[Patent Literature 2] International Publication No. WO 2017/135038
[Patent Literature 3] Japanese Patent Laid-Open No. 2000-045922
[Patent Literature 4] Japanese Patent Laid-Open No. 2018-155171

[Summary]
[Problem to be Solved]

[0007] Asdescribed in Patent Literatures 1 to 4, it has long been known that the preignition limit, the knocking limit, the
retard limit, and the like are taken into consideration in setting the fuel injection timing and the timing of igniting an air-fuel
mixture.

[0008] However, these restrictions are specified from a viewpoint different from the fuel efficiency of the engine. Thus,
there is still room for optimization of the fuel efficiency of the engine.

[0009] The present invention has been made in view of such a point, and an object thereof is to optimize the fuel
efficiency of an engine while taking into consideration various restrictions imposed on the engine.

[Means for Solving the Problem]

[0010] The present invention is defined in independent claims. Particularly, a first aspect of the present disclosure
relates to a method for controlling an engine using a cylinder, an injector that injects fuel into the cylinder, a spark plug that
ignites an air-fuel mixture containing the fuel injected from the injector, and a controller that is electrically connected to the
injector and the spark plug and controls each of the injector and the spark plug. This control method may include a step in
which the controller selects a control point consisting of a combination of an injection timing at which the injector injects the
fuel and an ignition timing at which the spark plug ignites the air-fuel mixture, corresponding to a selection on a parameter
map having the injection timing as a first axis and the ignition timing as a second axis. Particularly, the control method may
include a step in which the controller selects a control point consisting of a combination of an injection timing at which the
injector injects the fuel and an ignition timing at which the spark plug ignites the air-fuel mixture, e.g., on or based on a
parameter map having the injection timing as a first axis and the ignition timing as a second axis.
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[0011] A plurality of limit lines are provided on the parameter map. Each of the limit lines varies in accordance with an
operating state of the engine. The plurality of limit lines include a first limit line indicating an advance limit at which
preignition is restrained, a second limit line indicating an advance limit at which smoke is restrained, a third limit line
indicating an advance limit at which knocking is restrained, and a fourth limit line indicating a retard limit at which
combustion stability is ensured, and define a parameter region surrounded by the plurality of limit lines on the parameter
map. The method further includes a step in which the controller selects the control point so that the ignition timing is brought
to maximum (or most) advance within a range of the parameter region.

[0012] According to the first aspect, by determining the combination of the injection timing and the above-mentioned
ignition timing within the parameter region, it is possible to perform setting within the range of various restrictions when
selecting the injection timing and the ignition timing.

[0013] Furthermore, by bringing the ignition timing to maximum advance within the parameter region, the fuel efficiency
of the engine can be optimized while taking into consideration the various restrictions imposed on the engine.

[0014] In addition, according to a second aspect of the present disclosure, the method for controlling the engine may
furtherinclude a step in which the controller shifts the control point onto any one of the limitlines constituting the parameter
region when the control point falls outside the parameter region in response to a reduction of the parameter region, and
then a step in which the controller shifts the control point, particularly in stages or stepwise, each time a combustion cycle is
repeated so that the ignition timing is brought to maximum advance within a range of the parameter region after the
reduction.

[0015] According to the second aspect, even when the control point falls outside the parameter region, by shifting the
control point to any one of the limitlines, it is possible to respond to the restrictions imposed on the engine in a preferential
manner. Then, each process can be performed in accordance with the desired order of priority by bringing the ignition
timing to maximum advance in stages.

[0016] Inaddition, accordingto athird aspect of the present disclosure, the controller may execute the step of shifting the
control pointonto any one of the limit lines within one combustion cycle through feedforward control based on the operating
state of the engine.

[0017] Accordingto the third aspect, the control point s shifted to the limit line within one combustion cycle. This makes it
possible to respond as quickly as possible to the restrictions imposed on the engine.

[0018] In addition, according to a fourth aspect of the present disclosure, the method for controlling the engine may
further include a step in which the controller shifts the control point, particularly in stages or stepwise, each time a
combustion cycle is repeated when the ignition timing is brought to non-maximum advance in response to an expansion of
the parameter region so that the ignition timing is brought to maximum advance within a range of the parameter region after
the expansion.

[0019] According to the fourth aspect, the ignition timing is brought to maximum advance in stages for each combustion
cycle. By changing the ignition timing in stages, the ignition timing can be more reliably shifted to the maximum advance
point.

[0020] In addition, according to a fifth aspect of the present disclosure, a piston may be housed in the cylinder, a cavity
may be formed on an upper face of the piston, and the plurality of limit lines may further include a fifth limit line indicating an
advance limit for allowing the fuel injected from the injector to reach inside of the cavity.

[0021] According to the fifth aspect, the advance limit for allowing the fuel injected from the injector to reach the inside of
the cavity is adopted in the plurality of limit lines. This makes it possible to impose restrictions on the engine from a more
multifaceted point of view. This is advantageous in improving the performance of the engine.

[0022] In addition, according to a sixth aspect of the present disclosure, the plurality of limit lines may further include a
sixth limit line indicating an advance limit for allowing the fuel injected from the injector to reach the spark plug.

[0023] According to the sixth aspect, the advance limit for allowing the fuel injected from the injector to reach the spark
plug is adopted in the plurality of limit lines. This makes it possible to impose restrictions on the engine from a more
multifaceted point of view. This is advantageous in improving the performance of the engine.

[0024] Inaddition, according to a seventh aspect of the present disclosure, the fourth limit line may indicate a retard limit
of the ignition timing.

[0025] According to the seventh aspect, the retard limit of the ignition timing is adopted in the plurality of limit lines. This
makes it possible to impose restrictions from a more important point of view in the combustion control of the engine. This is
advantageous in improving the performance of the engine.

[Advantageous Effect]

[0026] According to the present invention, it is possible to optimize the fuel efficiency of an engine while taking into
consideration various restrictions imposed on the engine.



10

15

20

25

30

35

40

45

50

55

EP 4 585 797 A1
[Brief Description of Drawings]
[0027]

FIG. 1 is a diagram illustrating an engine system.

The upper drawing of FIG. 2 is a plan view illustrating the structure of a combustion chamber of an engine. The lower
drawing is a ll-Il sectional view of the upper drawing, which is a diagram for describing a state in which fuel is injected
into a cylinder at a middle stage of a compression stroke.

FIG. 3 is a block diagram of the engine system.

FIG. 4 is a diagram illustrating a base map related to the operation of the engine.

FIG. 5 is a diagram illustrating the opening and closing operation of an intake valve and an exhaust valve, a fuel
injection timing, and an ignition timing in each combustion mode.

FIG. 6 is a block diagram illustrating the configuration of a control device for the engine.

FIG. 7 is a block diagram illustrating the configuration of a first injection calculation unit.

FIG. 8 is a block diagram illustrating the configuration of a second injection calculation unit.

FIG. 9 is a diagram for describing a model of an LW value in a preignition limit calculation unit.

FIG. 10 is a diagram for describing the time integral of an ignition delay related to the LW value.

FIG. 11 is a diagram illustrating a model that defines the relationship between a first limit line and an LW limit value.
FIG. 12 is a block diagram illustrating the configuration of a smoke limit calculation unit.

FIG. 13 is a diagram for describing the sign of an F/B term.

FIG. 14 is a schematic diagram illustrating a parameter region.

FIG. 15A is a schematic diagram illustrating the movement of a control point when the parameter region is reduced.
FIG. 15B is a schematic diagram illustrating the movement of the control point when the parameter region is reduced.
FIG. 15C is a schematic diagram illustrating the movement of the control point when the parameter region is
expanded.

FIG. 16 is a flowchart illustrating a process relating to the movement of the control point.

[Mode for Carrying Out the Invention]

[0028] Hereinbelow, a method for controlling an engine and an engine system will be described with reference to the
drawings. The engine and the control method thereof described herein are examples.

[0029] FIG. 1is a diagram illustrating an engine system. FIG. 2 is a diagram illustrating the structure of a combustion
chamber of an engine. The positions of the intake side and the exhaust side in FIG. 1 and the positions of the intake side and
the exhaust side in FIG. 2 are interchanged. FIG. 3 is a block diagram illustrating a control device for an engine.

<1. Entire Configuration>

[0030] The engine system includes an engine 1. The engine 1 includes a cylinder 11. Inside the cylinder 11, an intake
stroke, a compression stroke, an expansion stroke, and an exhaust stroke are repeated. The engine 1 is a four-stroke
engine. The engine 1 may be mounted on a four-wheeled automobile. The automobile travels by the engine 1 operating.
[0031] Theengine 1isanengine thatmay be compatible with a plurality of types of fuels. In other words, the engine 1isa
so-called multi-fuel compatible engine. The fuel for the engine 1 may be gasoline, alternative fuels such as naphtha,
various carbon-neutral fuels such as methanol, or a mixture of these fuels (a mixture of mixable fuels).

[0032] Inaddition, as gasoline as the fuel for the engine 1, either one or both of a high-octane fuel and a low-octane fuel
can be used. The octane number of the high-octane fuel is, for example, 100 (or about 100), and the octane number of the
low-octane fuel is, for example, 91 (or about 91).

[0033] A user of the automobile can fill a fuel tank 63, which will be described further below, with a fuel included in the
above-mentioned plurality of types of fuels. For example, after the fuel stored in the fuel tank 63 is used up, a different fuel
may be added into the same fuel tank 63. The user can also add a low-octane fuel into the fuel tank 63 in which a high-
octane fuelis stored, or add a high-octane fuel into the fuel tank 63 in which a low-octane fuel is stored. When a fuel having a
different octane number is added, the octane number of the fuel used by the engine 1 becomes an intermediate octane
number.

<2. Configuration of Engine>
[0034] The engine 1includes a cylinder block 12, and a cylinder head 13. The cylinder head 13 is placed on the cylinder

block 12. A plurality of cylinders 11 are formed in the cylinder block 12. The engine 1 may be a multi-cylinder engine. FIG. 1
shows only one cylinder 11.



10

15

20

25

30

35

40

45

50

55

EP 4 585 797 A1

[0035] A piston 3 is inserted (housed) in each of the cylinders 11. The piston 3 is coupled to a crankshaft 15 through a
connecting rod 14. The piston 3 reciprocates inside the cylinder 11. The piston 3, the cylinder 11, and the cylinder head 13
form a combustion chamber 17.

[0036] Asshowninthelowerdrawingof FIG. 2, aninclined surface 1311 and an inclined surface 1312 constitute a lower
face of the cylinder head 13, that is, a ceiling portion of the cylinder 11. The inclined surface 1311 may be the inclined
surface 1311 on the side corresponding to an intake valve 21, which will be described further below, and may have an
upward slope toward a central portion of the cylinder 11.

[0037] The inclined surface 1312 may be the inclined surface 1312 on the side corresponding to an exhaust valve 22,
and may have an upward slope toward the central portion of the cylinder 11. The ceiling portion of the cylinder 11 is a so-
called pent roof type.

[0038] A cavity 31 may be formed on an upper face of the piston 3. The cavity 31 is recessed from the upper face of the
piston 3. In this configuration example, the cavity 31 may have a shallow dish shape. A central portion of the cavity 31
projects upward. The projecting portion has a substantially conical shape.

[0039] Notethatthe shape ofthe combustion chamber 17 is notlimited to the shape illustrated in FIG. 2. Forexample, the
shape of the cavity 31, the shape of the upper face of the piston 3, and the shape of the ceiling surface of the combustion
chamber 17 can be changed as appropriate.

[0040] The geometric compression ratio of the engine 1 may be set to 10 or more and 30 or less. As will be described
further below, the engine 1 may perform Spark Controlled Compression Ignition (SPCCI) combustion, which is a
combination of spark ignition (SI) combustion and compression ignition (Cl) combustion in some operating ranges.
[0041] Inthe SPCCI combustion, the Cl combustion is controlled by heat generation and/or pressure increase caused
by the S| combustion. The engine 1 is a compression ignition type engine. However, the engine 1 does not require a high
temperature in the combustion chamber 17 (that is, a high compression end temperature) when the piston 3 reaches a
compression top dead center. Thus, the geometric compressionratio of the engine 1 can be setlower than thatofan engine
that does not perform SPCCI combustion. A lower geometric compression ratio is advantageous in reducing cooling
losses and reducing mechanical losses.

[0042] Particularly, the cylinder head 13 has an intake port 18 formed for each of the cylinders 11. The intake port 18
communicates with the inside of the cylinder 11. Although detailed illustration is omitted, the intake port 18 is a so-called
tumble port. That is, the intake port 18 has a shape that generates a tumble flow inside the cylinder 11. The pent roof type
ceiling portion of the cylinder 11 and the tumble port generate a tumble flow inside the cylinder 11.

[0043] Theintakevalve 21isdisposed atthe intake port 18. The intake valve 21 opens and/or closes the intake port 18. A
valve gear (or valve drive unit) may be connected to the intake valve 21. The valve gear opens and/or closes the intake
valve 21 at a predetermined timing. The valve gear is a variable valve gear that varies a valve timing and/or a valve lift. As
shown in FIG. 3, the valve gear may include an intake sequential-valve timing (S-VT) 231. The intake S-VT 231 is a
hydraulic or electric type. The intake S-VT 231 may continuously change the rotation phase of an intake camshaft within a
predetermined angle range.

[0044] The valve gear may also include an intake continuously variable valve lift (CWL) 232. As illustrated in FIG. 5, the
intake CVVL 232 may continuously change a lift amount of the intake valve 21 within a predetermined range.

[0045] The intake CVVL 232 can employ various known configurations. As an example, as described in Japanese
Patent Laid-Open No. 2006-85241, the intake CVVL 232 may be configured to include a link mechanism, a control arm,
and a stepping motor. The link mechanism causes a cam for driving the intake valve 21 to make a reciprocating swing
motion in conjunction with the rotation of the camshaft. The control arm variably sets a lever ratio of the link mechanism.
When the lever ratio of the link mechanism changes, a swing amount of the cam that pushes down the intake valve 21
changes. The stepping motor electrically drives the control arm to change the swing amount of the cam, thereby changing
the lift amount of the intake valve 21. Note that the intake CVVL 232 is not essential.

[0046] The cylinder head 13 has an exhaust port 19 formed for each of the cylinders 11. The exhaust port 19
communicates with the inside of the cylinder 11.

[0047] The exhaustvalve 22 is disposed at the exhaust port 19. The exhaust valve 22 opens and/or closes the exhaust
port 19. A valve gear is connected to the exhaust valve 22. The valve gear opens and/or closes the exhaust valve 22 at a
predetermined timing. The valve gear is a variable valve gear that varies a valve timing and/or a valve lift. As shown in FIG.
3,the valve gear may include an exhaust S-VT 241. The exhaust S-VT 241 is a hydraulic or electric type. The exhaust S-VT
241 continuously changes the rotation phase of an exhaust camshaft within a predetermined angle range.

[0048] The valve gear may also include an exhaust variable valve lift (WL) 242. Although notiillustrated, the exhaust WL
242 is configured to be capable of switching a cam that opens and/or closes the exhaust valve 22.

[0049] The exhaust WL 242 may employ various known configurations. As an example, as described in Japanese
Patent Laid-Open No. 2018-168796, the exhaust WL 242 includes a first cam, a second cam, and a switching mechanism
that performs switching between the first cam and the second cam. The first cam is configured to open and/or close the
exhaust valve 22 in the exhaust stroke. As illustrated in FIG. 5, the second cam is configured to open and/or close the
exhaust valve 22 in the exhaust stroke and open and/or close the exhaust valve 22 again in the intake stroke. The exhaust
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WL 242 can change the lift of the exhaust valve 22 by opening and/or closing the exhaust valve 22 using either the first cam
or the second cam. Note that the exhaust VVL 242 is not essential.

[0050] Theintake S-VT 231, the intake CVVL 232, the exhaust S-VT 241, and the exhaust VVL242 adjust the amount of
airand the amount of burned gas introduced into the cylinder 11 by controlling the opening and/or closing of the intake valve
21 and the exhaust valve 22. The intake S-VT 231, the intake CVVL 232, the exhaust S-VT 241, and the exhaust VVL 242
adjust an intake air charging amount.

[0051] Aninjector 6 thatinjects the fuel into the cylinder 11 is attached to the engine 1. Specifically, the injector 6 may be
attached to the cylinder head 13 for each of the cylinders 11. As shown in FIG. 2, the injector 6 may be disposed at the
central portion of cylinder 11. More specifically, the injector 6 is disposed in a valley portion of the pent roof where the
inclined surface 1311 and the inclined surface 1312 intersect.

[0052] Theinjector 6 may directly inject the fuel into the cylinder 11. Although detailed illustration is omitted, the injector 6
may be a multi-nozzle type having a plurality of nozzle holes. As indicated by a dot-dot-dash line in FIG. 2, the injector 6 may
inject the fuel such that the fuel radially spreads from the central portion of the cylinder 11 toward the periphery. As shownin
the lower drawing of FIG. 2, the axis of the nozzle hole of the injector 6 has a predetermined angle 8 relative to a central axis
X ofthe cylinder 11. Note that, in the illustrated example, the injector 6 has ten nozzle holes arranged at equal angles in the
circumferential direction, but the number and arrangement of nozzle holes are not limited to any particular number and
arrangement.

[0053] Particularly, afuel supply system 61 is connected to the injector 6. The fuel supply system 61 includes the fuel tank
63 that is configured to store the fuel, and a fuel supply passage 62 that couples the fuel tank 63 and the injector 6 to each
other. The fuel supply passage 62 is provided with a fuel pump 65, and optionally a common rail 64.

[0054] The fuel pump 65 pressure-feeds the fuel to the common rail 64. The fuel pump 65 may be a plunger type pump
that is driven by the crankshaft 15 in this configuration example.

[0055] The commonrail 64 stores the fuel pressure-fed from the fuel pump 65 at a high fuel pressure. When the injector 6
is opened, the fuel stored in the common rail 64 is injected into the cylinder 11 through the nozzle holes of the injector 6. The
pressure of the fuel supplied to the injector 6 may be changed in accordance with the operating state of the engine 1. Note
that the configuration of the fuel supply system 61 is not limited to the configuration described above.

[0056] One ormore spark plugs 251, 252 thatignite an air-fuel mixture containing the fuel injected from the injector 6 are
attached to the engine 1. Particularly, the first spark plug 251 and the second spark plug 252 are attached to the cylinder
head 13 for each of the cylinders 11. Each of the first spark plug 251 and the second spark plug 252 forcibly ignites the air-
fuel mixture inside the cylinder 11.

[0057] AsshowninFIG. 2, thefirstspark plug251 may be disposed between the two intake valves 21, and/or the second
spark plug 252 may be disposed between the two exhaust valves 22. The tip of the first spark plug 251 and the tip of the
second spark plug 252 are located near the ceiling portion of the cylinder 11 on the intake side and the exhaust side across
the injector 6, respectively. Note that the number of spark plugs may be one.

[0058] An intake passage 40 is connected to one side of the engine 1. The intake passage 40 communicates with the
intake port 18 of each of the cylinders 11. Air introduced into the cylinders 11 flows through the intake passage 40.
[0059] Optionally, An air cleaner 41 is disposed at an upstream end portion of the intake passage 40. The air cleaner 41
filters the air.

[0060] Further optionally, a surge tank 42 is disposed near a downstream end of the intake passage 40. The intake
passage 40 downstream of the surge tank 42 may constitute independent passages that branch off for the cylinders 11. A
downstream end of the independent passage is connected to the intake port 18 of the corresponding cylinder 11.
[0061] A throttle valve 43 may be disposed between the air cleaner 41 and the surge tank 42 in the intake passage 40.
The throttle valve 43 can adjust the amount of air introduced into the cylinder 11 by adjusting its opening degree. The
throttle valve 43 may be basically fully open during the operation of the engine 1. The amount of air introduced may be
adjusted by the variable valve gear described above.

[0062] Optionally, the engine 1 includes a swirl generator that generates a swirl flow inside the cylinder 11. The swirl
generator includes a swirl control valve 56 mounted in the intake passage 40.

[0063] Although detailed illustration is omitted, of a primary passage and a secondary passage that are connected to
each of the cylinders 11, the swirl control valve 56 may be disposed in the secondary passage at a position downstream of
the surge tank 42. The swirl control valve 56 is an opening degree adjustable valve that can narrow the cross section of the
secondary passage. When the opening degree of the swirl control valve 56 is small, the flow rate of intake air flowing into
the cylinder 11 through the primary passage is relatively high and the flow rate of intake air flowing into the cylinder 11
through the secondary passage is relatively low, which intensifies the swirl flow inside the cylinder 11.

[0064] Whenthe opening degree of the swirl control valve 56 is large, the flow rate of intake air flowing into the cylinder 11
through the primary passage and the flow rate of intake air flowing into the cylinder 11 through the secondary passage are
substantially equal, which weakens the swirl flow inside the cylinder 11. When the swirl control valve 56 is fully open, no
swirl flow is generated. Note that the swirl generator is not essential.

[0065] An exhaust passage 50 is connected to the other side of the engine 1. The exhaust passage 50 communicates
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with the exhaust port 19 of each of the cylinders 11. The exhaust passage 50 is a passage through which exhaust gas
exhausted from the cylinders 11 flows.

[0066] Although detailed illustration is omitted, an upstream portion of the exhaust passage 50 constitutes independent
passages that branch off for the cylinders 11. An upstream end of the independent passage is connected to the exhaust
port 19 of the corresponding cylinder 11.

[0067] Optionally, an exhaust gas purification system including a plurality of catalytic converters is disposed in the
exhaust passage 50. The upstream catalytic converter has, for example, a three-way catalyst 511, and/or a gasoline
particulate filter (GPF) 512.

[0068] The downstream catalytic converter may have a three-way catalyst 513. Note that the exhaust gas purification
system is not limited to the illustrated configuration. For example, the GPF may be omitted. In addition, the catalytic
converter is not limited to one having a three-way catalyst. Furthermore, the arrangement order of the three-way catalyst
and the GPF may be changed as appropriate.

[0069] AnEGR passage 52 may be connected between the intake passage 40 and the exhaust passage 50. The EGR
passage 52 is a passage for returning part of the exhaust gas to the intake passage 40. An upstream end of the EGR
passage 52 is connected between the upstream catalytic converter and the downstream catalytic converter in the exhaust
passage 50. Adownstream end of the EGR passage 52 is connected between the throttle valve 43 and the surge tank 42 in
the intake passage 40.

[0070] A water-cooled EGR cooler 53 may be disposed in the EGR passage 52. The EGR cooler 53 cools exhaust gas.
[0071] Particularly, an EGR valve 54 may be disposed in the EGR passage 52. The EGR valve 54 adjusts the flow rate of
exhaust gas flowing through the EGR passage 52. By adjusting the opening degree of the EGR valve 54, the amount of
returning the cooled exhaust gas can be adjusted.

<3. Basic Configuration of Control Device>

[0072] Asshownin FIG. 3, a control device for the engine 1 includes an engine control unit (ECU) 10 for operating the
engine 1. Particularly, the ECU 10 is a known microcomputer-based controller, and includes a central processing unit
(CPU) 100a, a memory 100b, and an I/F circuit 100c. The CPU 100a executes programs. The memory 100b is composed
of, for example, a random access memory (RAM) or a read only memory (ROM), and stores programs and data. The I/F
circuit 100c inputs and outputs electric signals. The ECU 10 is an example of the controller. The ECU 10 as the controller
constitutes the engine system together with the engine 1.

[0073] The ECU 10 is electrically connected to, for example, the injector 6, the first spark plug 251 and/or the second
spark plug 252. Particularly, the ECU 10 controls each of the injector 6, the first spark plug 251, and the second spark plug
252.

[0074] AsshowninFIGS.1and 3, one or more sensors SW1to SW14 are connected to the ECU 10. The sensors SW1 to
SW14 output signals to the ECU 10. The sensors include the following sensors. The sensors SW11 to SW14 are shown in
FIG. 3.

Airflow Sensor SW1: The airflow sensor SW1 is disposed downstream of the air cleaner 41 in the intake passage 40 and
measures the flow rate of air flowing through the intake passage 40.

Intake Air Temperature Sensor SW2: The intake air temperature sensor SW2 is disposed downstream of the air cleaner 41
in the intake passage 40, and measures the temperature of air flowing through the intake passage 40. Intake Air Pressure
Sensor SW3: The intake air pressure sensor SW3 is attached to the surge tank 42, and measures the pressure of air
introduced into the cylinder 11. In-cylinder Pressure Sensor SW4: The in-cylinder pressure sensor SW4 is attached to the
cylinder head 13 corresponding to each of the cylinders 11, and measures the pressure inside the cylinder 11.

Water Temperature Sensor SW5: The water temperature sensor SW5 is attached to the engine 1, and measures the
temperature of cooling water.

Crank Angle Sensor SW6: The crank angle sensor SW6 is attached to the engine 1, and measures the rotation angle of the
crankshaft 15.

Accelerator Opening Degree Sensor SW7: The accelerator opening degree sensor SW7 is attached to an accelerator
pedal mechanism, and measures an accelerator opening degree corresponding to the amount of operation of an
accelerator pedal.

Intake Cam Angle Sensor SW8: The intake cam angle sensor SW8 is attached to the engine 1, and measures the rotation
angle of the intake camshaft.

Exhaust Cam Angle Sensor SW9: The exhaust cam angle sensor SW9 is attached to the engine 1, and measures the
rotation angle of the exhaust camshaft.

Intake Cam Lift Sensor SW10: The intake cam lift sensor SW10 is attached to the engine 1, and measures the liftamount of
the intake valve 21.

Fuel Pressure Sensor SW11: The fuel pressure sensor SW11 is attached to the common rail 64 of the fuel supply system
61, and detects the pressure of the fuel supplied to the injector 6.
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EGR Differential Pressure Sensor SW12: The EGR differential pressure sensor SW12 detects the differential pressure
between upstream and downstream of the EGR valve 54.

Linear O, Sensor SW13: The linear O, sensor SW13 is disposed upstream of the upstream catalytic converter in the
exhaust passage 50, and detects the oxygen concentration in exhaust gas.

Lambda O, Sensor SW14: The lambda O, sensor SW14 is disposed downstream of the three-way catalyst 511 in the
upstream catalytic converter, and detects the oxygen concentration in exhaust gas.

[0075] The ECU 10 determines the operating state of the engine 1 e.g., based on signals from these sensors SW1 to
SW14, and calculates a control amount of each device in accordance with a predetermined control logic. The control logic
may be stored in the memory 100b. The control logic may include calculating a target amount and/or the control amount
using a map stored in the memory 100b.

[0076] The ECU 10 outputs electric signals related to the calculated control amount to at least one or all of the injector 6,
the first spark plug 251, the second spark plug 252, the intake S-VT 231, the intake CVVL 232, the exhaust S-VT 241, the
exhaust VVL 242, the fuel supply system 61, the throttle valve 43, the EGR valve 54, and the swirl control valve 56.

<4. Engine Operation Control Map>

[0077] FIG.4 illustrates a base map related to control of the engine 1. The base map is stored in the memory 100b of the
ECU 10. The base map includes at least a first base map 401 shown in FIG. 4. The ECU 10 may use another base map
different from the first base map 401 in accordance with the level of the cooling water temperature of the engine 1. The first
base map 401 may be the base map used to control the engine 1 when the engine 1 is warm.

[0078] The ECU 10 may use another base map different from the first base map 401 in accordance with the octane
number of the fuel. The first base map 401 is, for example, the base map used when the octan number = 91.

[0079] The first base map 401 is defined by the load and/or the speed of the engine 1. The first base map 401 may be
broadly divided into a plurality of regions, e.g., four regions: a first region, a second region, a third region, and a fourth
region, in accordance with the loand and /or the engine speed or with the level of the load and/or the level of the engine
speed.

[0080] Forexample, the first region includes a high speed region 411, and a low load region 412. The high speed region
411 may extend over the entire low to high load regions. The low load region 412 extends over the low and/or medium
speed regions.

[0081] The second region may correspond to a first medium load region 413. The first medium load region 413 is
adjacent to the high load side of the low load region 412, and may extend from the low load to the medium load and/or
extend over the low and medium speed regions.

[0082] Thethird region mayinclude a second mediumload region 414, and/or a highload and medium speed region415.
Particularly, the second medium load region 414 is adjacent to the high load side of the first medium load region 413, and/or
extends from the medium load to the high load and extends over the low and/or medium speed regions. The high load and
medium speed region 415 is adjacent to the high load side of the second medium load region 414, and/or extends over the
medium speed region.

[0083] The fourth region may correspond to a high load and low speed region 416. The high load and low speed region
416 is adjacent to the high load side of the second medium load region 414, and/or extends over the low speed region. The
fourth region is the region including the maximum load of the engine 1.

[0084] Here, the low speed region, the medium speed region, and the high speed region may be a low speed region, a
medium speed region, and a high speed region obtained by dividing the entire operating region of the engine 1 into three
equal regions in the engine speed direction.

[0085] In addition, the low load region, the medium load region, and the high load region may be a low load region, a
medium load region, and a high load region obtained by dividing the entire operating region of the engine 1 into three equal
regions in the load direction.

<5. Combustion Mode of Engine>

[0086] Next,the operation ofthe engine 1in each region will be described in detail. The ECU 10 may selecta combustion
mode of the air-fuel mixture inside the cylinder 11 by checking a target load of the engine 1 and the speed of the engine 1
against the first base map 401 illustrated in FIG. 4.

[0087] Then, the ECU 10 may set the opening and/or closing operation of the intake valve 21 and/or the exhaust valve
22, the number of fuel injections, a fuel splitratio in each injection, a fuel injection timing, and/or an ignition timing of the first
and second spark plugs 251, 252 so as to achieve the selected combustion mode.

[0088] The combustion mode achieved in the engine 1 may include homogeneous S| combustion, SPCCI combustion,
and/or retard SI combustion. The combustion modes differ from each other in at least one of the opening and/or closing
operation of the intake valve 21 and/or the exhaust valve 22, the number of fuel injections, the fuel split ratio in each
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injection, the fuel injection timing, and the ignition timing of the first and second spark plugs 251, 252.

[0089] Note thatthe "splitratio" here refers to the ratio of the injection amount at a specific injection timing to the total fuel
injection amount in one fuel cycle.

[0090] FIG.5illustrates the opening and closing operation of the intake valve 21 and the exhaust valve 22, the number of
fuel injections, the fuel split ratio, the fuel injection timing, and the ignition timing, and a waveform of a heat generation rate
generated inside the cylinder 11 by the combustion of the air-fuel mixture, corresponding to each combustion mode. The
crank angle progresses from left to right in FIG. 5. Hereinbelow, each combustion mode will be described with an example
in which the engine 1 is warm.

(5-1. Homogeneous S| Combustion)

[0091] When the operating state of the engine 1 is e.g., in the first region, that is, in the high speed region 411 or the low
load region 412, the ECU 10 causes the air-fuel mixture inside the cylinder 11 to burn by flame propagation. Particularly, the
intake S-VT 231 sets the opening and/or closing timing of the intake valve 21 to a predetermined timing. The intake CVVL
232 sets the lift amount of the intake valve 21 to a predetermined lift amount. The lift amount of the intake valve 21 may be
substantially equal to the lift amount of the exhaust valve 22, which will be described further below.

[0092] The exhaust S-VT 241 sets the opening and/or closing timing of the exhaust valve 22 to a predetermined timing.
The intake valve 21 and the exhaust valve 22 may be both opened near an intake top dead center (refer to reference
numeral 711).

[0093] The exhaustVVL 242 may open and/or close the exhaust valve 22 only once. This opening and/or closing mode
ofthe intake valve 21 and/or the exhaust valve 22 introduces a relatively large amount of air and a relatively small amount of
burned gas into the cylinder 11. The burned gas is basically an internal EGR gas that remains inside the cylinder 11.
[0094] The injector 6 may inject the fuel into the cylinder 11, for example, within a period of the intake stroke (refer to
reference numeral 712). The injector 6 may perform batch injection as shown in the illustrated example. The fuel injected
into the cylinder 11 is diffused by a strong intake air flow. An air-fuel mixture with homogeneous fuel concentration is formed
inside the cylinder 11. The mass ratio of the air-fuel mixture, thatis, the mass ratio G/F of the intake air inside the cylinder 11
containing the burned gas to the fuel is, for example, approximately 20. Note that the mass ratio A/F of the air inside the
cylinder 11 to the fuel is the theoretical air-fuel ratio.

[0095] One or both of the first spark plug 251 and the second spark plug 252 ignite the air-fuel mixture near the
compression top dead center (refer to reference numeral 713). The first spark plug 251 and the second spark plug 252 may
perform the ignition at the same time or at different timings.

[0096] After the ignition of the first spark plug 251 and/or the second spark plug 252, the air-fuel mixture burns by flame
propagation (refer to reference numeral 714). In the high speed region 411 in which the engine speed is too high and
compression ignition combustion is thus difficultand in the low load region 412 in which the load is too low and compression
ignition combustion is thus difficult, the engine 1 can operate while ensuring combustion stability and restraining abnormal
combustion.

[0097] Since this combustion mode burns the homogeneous air-fuel mixture by spark ignition, this combustion mode
may be referred to as the homogeneous S| combustion.

(5-2. SPCCI Combustion)

[0098] Whenthe operating state ofthe engine 1ise.g., inthe second region (the first medium load region 413) or the third
region (the second medium load region 414 or the high load and medium speed region 415), the ECU 10 may causes part
of the air-fuel mixture inside the cylinder 11 to burn by flame propagation and causes the rest of the air-fuel mixture to burn
by compression ignition. Particularly, the exhaust S-VT 241 sets the opening and/or closing timing of the exhaust valve 22
to a predetermined timing. The exhaust WL 242 opens and/or closes the exhaust valve 22 once or twice (refer to reference
numerals 721, 731).

[0099] Further particularly, the internal EGR gas is introduced into the cylinder 11. The intake CVVL 232 may set the lift
amount of the intake valve 21 to be larger than the lift amount in the low load region 412.

[0100] The closing timing of the intake valve 21 is approximately the same as the closing timing in the low load region
412. The opening timing of the intake valve 21 is advanced relative to the opening timing in the low load region 412.
[0101] This opening and/or closing mode of the intake valve 21 and the exhaust valve 22 increases the amount of air
introduced into the cylinder 11 and reduces the amount of burned gas introduced into the cylinder 11. The G/F of the air-fuel
mixture is, for example, 35.

[0102] The injector 6 injects the fuel into the cylinder 11, for example, within a period of the intake stroke (refer to
reference numerals 722, 7321). The injector 6 may inject the fuel different number of times in accordance with the target
load of the engine 1 (or a required value of the charging efficiency).

[0103] Asanexample, whenthe operating state ofthe engine 1isinthe secondregion (the firstmediumload region 413),



10

15

20

25

30

35

40

45

50

55

EP 4 585 797 A1

the ECU 10 according to the present embodiment performs batch injection of the fuel within the period of the intake stroke
(refer to reference numeral 722). On the other hand, for example, when the operating state of the engine 1 is in the third
region (the second medium load region 414 or the high load and medium speed region 415), the ECU 10 may perform
former-stage injection (or pre-injection) 7321 within the period of the intake stroke and/or latter-stage injection (or post-
injection) 7322 in the second half or the late stage of the compression stroke. A late fuel injection timing in the third region in
which the load is high is advantageous in restraining abnormal combustion.

[0104] Note thatthe second half of the compression stroke corresponds to the second half when the compression stroke
is divided into two equal parts: the first half and the second half. The late stage of the compression stroke corresponds to
the late stage when the compression stroke is divided into three equal parts: the early stage, the middle stage, and the late
stage.

[0105] Similarly, the first half of the compression stroke corresponds to the first half when the compression stroke is
divided into two equal parts: the first half and the second half. The early stage of the compression stroke corresponds to the
early stage when the compression stroke is divided into three equal parts: the early stage, the middle stage, and the late
stage. The middle stage of the compression stroke corresponds to the middle stage when the compression stroke is
divided into three equal parts: the early stage, the middle stage, and the late stage.

[0106] One or both of the first spark plug 251 and the second spark plug 252 ignite the air-fuel mixture near the
compression top dead center (refer to reference numerals 723, 733). The air-fuel mixture starts flame propagation
combustion near the compression top dead center after the ignition of the first spark plug 251 and the second spark plugs
252. Heat generated by the flame propagation combustion raises the temperature inside the cylinder 11, and the flame
propagation increases the pressure inside the cylinder 11. This causes the unburned air-fuel mixture to self-ignite, for
example, after the compression top dead center and start compression ignition combustion (refer to reference numerals
724, 734). After the start of the compression ignition combustion, the flame propagation combustion and the compression
ignition combustion proceed in parallel. The waveform of the heat generation rate may have two peaks unlike the illustrated
example.

[0107] Variations inthe temperature inside the cylinder 11 before the start of compression can be absorbed by adjusting
the amount of heat generated by the flame propagation combustion. The amount of heat generated by the flame
propagation combustion can be adjusted by the ECU 10 adjusting the ignition timing. The air-fuel mixture self-ignites
atatargettiming. Inthe SPCCI combustion, the ECU10 adjusts the timing of compression ignition through the adjustment
of the ignition timing. This combustion mode may be referred to as spark controlled compression ignition (SPCCI)
combustion because the ignition controls compression ignition.

(5-3. Retard SI Combustion)

[0108] When the operating state of the engine 1is e.g., in the fourth region, that s, in the high load and low speed region
416, the ECU 10 may cause the air-fuel mixture inside the cylinder 11 to burn by flame propagation.

[0109] Particularly, when the operating state of the engine 1 isin the high load and low speed region 416, the intake S-VT
231 sets the opening and/or closing timing of the intake valve 21 to a predetermined timing. The intake CVVL 232 sets the
lift amount of the intake valve 21 to a predetermined lift amount. The lift amount of the intake valve 21 may be substantially
equal to the lift amount of the exhaust valve 22, which will be described further below. The exhaust S-VT 241 sets the
opening and/or closing timing of the exhaust valve 22 to a predetermined timing.

[0110] Theintake valve 21 and the exhaust valve 22 are both opened near the intake top dead center (refer to reference
numeral 741). The exhaust WL 242 opens and/or closes the exhaust valve 22, for example, once. This opening and/or
closing mode of the intake valve 21 and the exhaust valve 22 introduces a relatively large amount of air and a relatively
small amount of burned gas into the cylinder 11. The burned gas is basically an internal EGR gas that remains inside the
cylinder 11. The G/F is approximately 20.

[0111] Since the high load and low speed region 416 is the region in which the load is high and the engine speed is low,
abnormal combustion such as preignition or knocking is likely to occur. The injector 6 may inject the fuel into the cylinder 11
within a period of the compression stroke (refer to reference numerals 7421, 7422). By delaying the timing of injecting the
fuel into the cylinder 11, the occurrence of abnormal combustion is restrained. The injector 6 may perform batch injection
instead of the number of injections in the illustrated example.

[0112] The fuel injected into the cylinder 11 during the period of the compression stroke is diffused by the flow of the
injection. A higher fuel injection pressure is preferable in combusting the air-fuel mixture rapidly to restrain the occurrence
of abnormal combustion and improve combustion stability. High injection pressure generates a strong flow inside the
cylinder 11 in which the pressure is high near the compression top dead center. The strong flow accelerates flame
propagation.

[0113] One or both of the first spark plug 251 and the second spark plug 252 ignite the air-fuel mixture near the
compression top dead center (refer to reference numeral 743). The first spark plug 251 and the second spark plug 252 may
perform the ignition at the same time or at different timings.
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[0114] Inthe high load and low speed region 416 in which the load is high, the first spark plug 251 and the second spark
plug 252 may perform the ignition at a timing after the compression top dead center corresponding to the retarded fuel
injection timing. Alternatively, the first spark plug 251 and the second spark plug 252 may perform the ignition at a timing
before the compression top dead center, for example, during the fuel injection from the injector 6. After the ignition of the
first spark plug 251 and the second spark plug 252, the air-fuel mixture burns by flame propagation (refer to reference
numeral 744) .

[0115] Inanoperating state in which the engine speed is low and abnormal combustion is likely to occur, the engine 1 can
operate while ensuring combustion stability and/or restraining (or reducing) abnormal combustion. Since the injection
timing is retarded in this combustion mode, this combustion mode may be referred to as retard Sl combustion. As with the
SPCCI combustion described above, the air-fuel mixture ignited in the fourth region may burn by compression ignition after
the flame propagation combustion.

[0116] Asanexample, when the operating state of the engine 1is in the fourth region (the high load and low speed region
416), the ECU 10 according to the present embodiment performs the former-stage injection 7421 in the second half or the
middle stage of the compression stroke, and, after the former-stage injection, performs the latter-stage injection 7422 in
the second half or the late stage of the compression stroke.

[0117] Inthe second half of the compression stroke, for example, the injector 6 and the cavity 31 are closer to each other
and, at the same time, the cavity 31 and the spark plugs 251, 252 are closer to each other than in the first half of the
compression stroke. This, combined with the high injection pressure as described above, makes it possible to quickly
transport the spray injected toward the cavity 31 to the spark plugs 251, 252. This can shorten the time from the fuel
injection to the start of combustion of the air-fuel mixture. Accordingly, it is possible to complete the combustion of the air-
fuel mixture before knocking occurs.

[0118] In addition, high injection pressure generates a strong flow as described above. The strong flow can increase the
turbulent combustion speed. This makes it possible to achieve rapid combustion of the air-fuel mixture.

[0119] In addition, injecting the fuel in the second half of the compression stroke, combined with the high injection
pressure, makes a period for air and the fuel to mix (mixing period) shorter than that in other combustion patterns such as
the homogeneous S| combustion and the SPCCI combustion. By forming the air-fuel mixture within a short period of time,
homogenization of the air-fuel mixture can be promptly advanced up to an equivalent ratio (a local equivalent ratio inside
the cylinder 11) that restrains the occurrence of smoke.

[0120] As described above, the ECU 10 may use different injection patterns of the fuel into the cylinder 11 for different
combustion modes such as the SPCCI combustion and the retard S| combustion. Alternatively, different injection modes
may be used within the same combustion mode for, for example, SPCCI combustion at high ce and SPCCI combustion at
low ce that are classified as the same combustion mode.

[0121] The "injection mode" here refers to the number of fuel injections in each stroke in one combustion cycle, such as
"once in the intake stroke + zero in the compression stroke", "once in the intake stroke + once in the compression stroke",
and "zero in the intake stroke + twice in the compression stroke".

[0122] The ECU 10 according to the present embodiment may be configured to use a plurality of types of combustion
modes through this switching of the injection modes. That is, determining the injection mode is substantially equivalent to
determining the combustion mode of the fuel. In the present embodiment, the first base map 401 shown in FIG. 4 is defined
as the map that specifies the injection mode corresponding to each region instead of the combustion mode.

[0123] However, determining the injection mode alone does not uniquely determine a control parameter of the engine 1.
For example, after determining the injection mode, itis favorable to determine the control parameter of the engine 1 in the
determined injection mode. The control parameter here is a concept thatincludes atleast a combination of the fuel injection
timing and the ignition timing.

[0124] The ECU 10 determines the control parameter of the engine 1 for each combustion cycle. The ECU 10 may
perform such determination at at least one of a first timing T1 and a second timing T2 in FIG. 5.

[0125] The first timing T1 is a calculation timing that is set in the exhaust stroke, particularly, within the range from the
middle stage to the late stage of the exhaust stroke. For example, the first timing T1 may be -480° or more and -360° or less
after the TDC, and, particularly, -440° or more and -400° or less after the TDC. Note that the TDC here refers to the
"compression TDC" as shown in FIG. 5. In the following description, the "compression TDC" may also be simply referred to
as the "TDC".

[0126] The firsttiming T1 is the calculation timing of determining the injection mode and executing a process related to
fuel injection during the intake stroke (hereinbelow, also referred to as the "first injection"), such as the former-stage
injection 7321 of high load SPCCI combustion. The first injection can also be referred to as the "intake stroke injection”.
[0127] The second timing T2 is a calculation timing that is set in the compression stroke, particularly, within the range
from the early stage to the middle stage of the compression stroke. For example, the second timing T2 may be -240° or
more and -60° or less after the TDC, and, particularly, -150° or more and -90° or less after the TDC.

[0128] The second timing T2 is the calculation timing of executing a process related to fuel injection during the
compression stroke (hereinbelow, also referred to as the "second injection"), such as the former-stage injection 7421
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and the latter-stage injection 7422 of the retard S| combustion, and the latter-stage injection 7322 of the high load SPCCI
combustion. The second injection may be referred to as the "compression stroke injection".

[0129] The ECU 10 may first determine the injection mode at the first timing T1. For example, in the case of the
homogeneous Sl combustion and the SPCCI combustion at low load (low ce), the ECU10 determines all the control
parameters at the first timing T1. In the case of the SPCCI combustion at high load (high ce) and the retard SI combustion,
the ECU 10 determines some of the control parameters at the first timing T1 and then determines the remaining control
parameters at the second timing T2. A third timing (not shown) may be set at the late stage of the compression stroke, and
partial control may be performed at the third timing T3.

[0130] Inthis manner, the ECU 10 constitutes the control device for the engine 1 that determines the injection mode and
determines the control parameters corresponding to the determined injection mode. Hereinbelow, the configuration of the
ECU 10 as the control device and the procedures for determining the injection timing and the ignition timing as the control
parameters will be described.

<6. Details of Control Device>

[0131] FIG. 6is ablock diagram illustrating details of the control device for the engine 1. As shown in FIG. 6, the control
device may include at least one or all of an operating state determination unit 101, an injection mode determination unit
102, a first injection calculation unit 103, a first injection conversion unit 104, a second injection calculation unit 105, a
second injection conversion unit 106, an ignition timing calculation unit 107, and an F/B term calculation unit 108. These
elements are functional blocks of the ECU 10. The control device sequentially sets the control parameters during the
operation of the engine 1.

(6-1. Operating State Determination Unit)

[0132] Particularly, the operating state determination unit 101 calculates the speed (ne) and the target load of the engine
1 based on measurement signals of the sensors SW1 to SW10. As is well known, the speed of the engine 1 (hereinbelow,
simply referred to as the "speed") can be calculated based on a detection signal of the crank angle sensor SW6.
[0133] Further particularly, the operating state determination unit 101 calculates a target charging efficiency (ce) of the
engine 1 as a state quantity that characterizes the target load of the engine 1. Not only the target charging efficiency, but
also the amount of air supplied into the cylinder 11 may be used. Hereinbelow, the target charging efficiency may be
referred to as the "target air amount" or simply referred to as the "target load".

[0134] For example, the operating state determination unit 101 calculates a target engine torque based on a detection
signal of the accelerator opening degree sensor SW7, and then calculates a target combustion pressure corresponding to
the target engine torque. Next, the operating state determination unit 101 calculates the target charging efficiency based
on the target combustion pressure. The operating state determination unit 101 sets various control targets that
characterize the in-cylinder state of the engine 1 such as a target throttle opening degree and a target external EGR
rate so that the target charging efficiency is achieved.

[0135] Particularly, based on the set target charging efficiency, the operating state determination unit 101 also sets a
target value of the total fuel injection amount in one combustion cycle so that the air-fuel ratio of the air-fuel mixture
becomes a target air-fuel ratio such as the theoretical air-fuel ratio.

[0136] Further particularly, the operating state determination unit 101 estimates the state quantity inside the cylinder 11
atthe time when the intake valve 21 is closed (that s, at the time of IVC). Hereinbelow, this state quantity is also referred to
as the "IVC state quantity". To estimate the IVC state quantity, in addition to the detection signal of the crank angle sensor
SW6 described above, the operating state determination unit 101 obtains measurement signals of the intake cam angle
sensor SW8, the exhaust cam angle sensor SW9, and the intake cam lift sensor SW10, and, when fuel injection is
performed during the intake stroke, also obtains signals related to the amount of fuel injection.

[0137] Further particularly, the operating state determination unit 101 estimates the IVC state quantity based on these
measurementsignals. The operating state determination unit 101 estimates, for example, an in-cylinder temperature Ty,
an in-cylinder oxygen concentration [02],c, and an in-cylinder fuel concentration [F],,¢ at the time of the IVC. The
operating state determination unit 101 also obtains an in-cylinder pressure F,,¢ at the time of the IVC as one of the IVC
state quantities.

[0138] Note that various calculations based on at least one or all of the target engine torque, the target combustion
pressure, and the like may employ, for example, methods described in Japanese Patent Laid-Open No. 2018-84181,
Japanese Patent Laid-Open No. 2018-84182, Japanese Patent Laid-Open No. 2020-101163, and details thereof are thus
omitted.

[0139] Similarly, the estimation of the IVC state quantity is described in, for example, Japanese Patent Laid-Open No.
2023-53507 and the like, and details thereof are thus omitted.

[0140] Particularly, the operating state determination unit 101 can also estimate the octane number of the fuel filled in the
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fuel tank 63. The procedure for calculating this estimated value (hereinbelow, also referred to as the "RON estimated
value") can employ, for example, methods described in Japanese Patent Laid-Open No. 2021-92198 and Japanese
Patent Laid-Open No. 2021-92200, and details thereof are thus omitted.

[0141] The operating state determination unit 101 may execute these calculations at the first timing T1 described above,
and inputs various calculation results including the engine speed and the target load to the injection mode determination
unit 102, the first injection calculation unit 103, the second injection calculation unit 105, and the ignition timing calculation
unit 107.

(6-2. Injection Mode Determination Unit)

[0142] The injection mode determination unit 102 may determine the injection mode to be performed at the operation of
the engine 1 based on at least the engine speed and the target load (target air amount).

[0143] Particularly, the injection mode determination unit 102 reads a base map corresponding to the RON estimated
value and determines the combustion mode (specifically, the injection mode) corresponding to the operating state of the
engine 1 by checking the engine speed and the target load against the base map (e.g., the first base map 401).
[0144] Further particularly, the injection mode determination unit 102 executes these calculations continuously from the
calculations of the operating state determination unit 101 starting at the first timing T1, and inputs a signal indicating the
determined injection mode (mode signal) to the first injection calculation unit 103 and the second injection calculation unit
105.

(6-3. First Injection Calculation Unit)

[0145] FIG. 7 is a block diagram illustrating the configuration of the first injection calculation unit 103. The first injection
calculation unit 103 is a functional block that determines target values of the control parameters that characterize the intake
stroke injection. The control parameters determined by the first injection calculation unit 103 may include the injection
timing during the intake stroke and/or the fuel injection amount during the intake stroke.

[0146] Todetermine these control parameters, the firstinjection calculation unit 103 shown in FIG. 7 may include at least
one or all of a first SOI determination unit 103a, a first split ratio determination unit 103b, and a first injection amount
determination unit 103c.

[6-3-1. First SOI Determination Unit]

[0147] The first SOl determination unit 103a may determine a start of injection timing (SOI) of the intake stroke injection
based on the mode signal, the engine speed, and/or the target load described above. This determination may be
performed, for example, by checking values of the engine speed and the target load against an intake SOl map M31
corresponding to the injection mode.

[0148] Here, the intake SOl map M31 is a map that associates or correlates the values of the engine speed and/or the
target load with the SOI of the intake stroke injection. A plurality of intake SOl maps M31 are, for example, prepared for
different injection modes, and each of the intake SOI maps M31 is previously stored in the memory 100b.

[6-3-2. First Split Ratio Determination Unit]

[0149] The first split ratio determination unit 103b may determine the split ratio of the intake stroke injection based on at
least one or all of the mode signal, the engine speed and the target load, and the target external EGR rate. This
determination may be performed, for example, by checking values of the engine speed, the target load, and the external
EGR rate against an intake split ratio map M32 corresponding to the injection mode.

[0150] Here, the intake split ratio map M32 may be a map that associates or correlates the values of the engine speed
and/or the target load with the split ratio of the intake stroke injection. A plurality of intake split ratio maps M32 are, for
example, prepared for different injection modes and set so that the split ratio continuously changes in accordance with the
external EGR rate, and each of the intake split ratio maps M32 is previously stored in the memory 100b. If no compression
stroke injection is performed, the split ratio is 1.

[6-3-3. First Injection Amount Determination Unit]
[0151] The first injection amount determination unit 103c may determine the fuel injection amount in the intake stroke
injection by multiplying the splitratio determined by the first split ratio determination unit 103b by the target injection amount

set by the operating state determination unit 101. The target injection amount here is the target value of the total fuel
injection amount in one fuel cycle as described above.
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[6-3-4. Calculation Timing]

[0152] The firstinjection calculation unit 103 may execute these calculations continuously from the calculations of the
operating state determination unit 101 and the injection mode determination unit 102 starting, e.g., at the first timing T1.
The firstinjection calculation unit 103 inputs a signal indicating the SOI of the intake stroke injection and a signal indicating
the fuel injection amount in the intake stroke injection to the first injection conversion unit 104, the second injection
calculation unit 105, and the like.

[0153] Hereinbelow, the SOI of the intake stroke injection may be referred to as the "first SOI", the split ratio of the intake
stroke injection may be referred to as the "first splitratio", and the fuel injection amount in the intake stroke injection may be
referred to as the "first injection amount".

[0154] Inaddition, when no intake stroke injection is performed as in the retard S| combustion, the calculation of the first
SOl is skipped, and the first split ratio is zero.

(6-4. First Injection Conversion Unit)

[0155] The first injection conversion unit 104 may generates a drive current for the injectors 6 based on the first SOI
and/or the first injection amount determined by the first injection calculation unit 103. The ECU 10 inputs the drive current
generated by the first injection conversion unit 104 to the injectors 6.

(6-5. Second Injection Calculation Unit)

[0156] FIG. 8 is a block diagram illustrating the configuration of the second injection calculation unit 105. The second
injection calculation unit 105 is a functional block that determines target values of control parameters that characterize the
compression stroke injection. The control parameters determined by the second injection calculation unit 105 may include
the injection timing during the compression stroke, and/or the fuel injection amount during the compression stroke.
[0157] To determine these control parameters, the second injection calculation unit 105 shown in FIG. 8 may include at
least one or all of a second SOI determination unit 105a, a second split ratio determination unit 105b, a second injection
amount determination unit 105c, an F/B correction unit 105d, a cavity limit calculation unit 105e, a preignition limit
calculation unit 105f, and an advance limit determination unit 105g.

[6-5-1. Second SOI Determination Unit]

[0158] The second SOl determination unit 105a may determine atleast one or all of a start of injection timing (SOI) of the
compression stroke injection based on the mode signal, the engine speed, and the target load described above.
Hereinbelow, the SOI corresponding to each compression stroke injection is referred to as the "second SOI". The
determination of the second SOI may be performed, for example, by checking values of the engine speed and the target
load against a compression SOl map M51 corresponding to the injection mode.

[0159] Here, the compression SOl map M51 may be a map that associates the values of the engine speed and the target
load with the SOI of the compression stroke injection. A plurality of compression SOl maps M51 are, forexample, prepared
for different injection modes, and each of the compression SOl maps M51 is previously stored in the memory 100b.
[0160] Inaddition, whenthe compression stroke injection is performed a plurality of times, the second SOl determination
unit 105a may determine the SOI for each of the compression stroke injections. In this case, the SOl for each compression
stroke injection can be determined by using the compression SOI map M51 set for each fuel injection.

[0161] The second SOIldetermination unit 105a may input the second SOl in the last-stage compression stroke injection
close to the compression TDC among one or more second SOls to the F/B correction unit 105d, and also inputs all the
second SOls including the last-stage compression stroke injection to the second injection conversion unit 106. Here-
inbelow, the last-stage second SOl is also referred to as the "last-stage SOI". In addition, an output value of the second SOI
determination unit 105a corresponds to a provisional value of the last-stage SOI. Hereinbelow, this provisional value is also
referred to as the "provisional last-stage SOI".

[6-5-2. Second Split Ratio Determination Unit]

[0162] When the compression stroke injection is performed a plurality of times, the second split ratio determination unit
105b may determine the split ratio for each of the compression stroke injections. Hereinbelow, the split ratio corresponding
to each compression stroke injection is referred to as the "second split ratio". The second split ratio may be the ratio of the
fuel injection amount in each compression stroke injection to the fuel injection amount in the entire compression stroke.
[0163] For example, when the compression stroke injection is performed only once, the second split ratio is 1. On the
other hand, in the case of an injection mode in which the compression stroke injection is performed twice such as the retard
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Sl combustion, the second split ratio is the ratio of the fuel injection amount in the latter-stage injection 7422 to the sum of
the fuel injection amount in the former-stage injection 7421 and the fuel injection amount in the latter-stage injection 7422.
[0164] Particularly, the second split ratio determination unit 105b determines the second split ratio based on the mode
signal, the engine speed and the target load, and the target external EGR rate. This determination may be performed, for
example, by checking values of the engine speed, the target load, and the external EGR rate against a compression split
ratio map M52 corresponding to the injection mode. At the time of the determination, calculation may be performed by a
combination with the value of the first split ratio.

[0165] Here, the compression split ratio map M52 is a map that associates or correlates the values of the engine speed
and/or the targetload with the second split ratio. A plurality of compression split ratio maps M52 are, for example, prepared
in accordance with the presence or absence of the external EGR rate, and each of the compression split ratio maps M52 is
previously stored in the memory 100b

[6-5-3. Second Injection Amount Determination Unit]

[0166] The second injection amount determination unit 105¢ may determine the fuel injection amount in each
compression stroke injection based on the split ratio determined by the second split ratio determination unit 105b and/or
the first injection amount determined by the first injection amount determination unit 103c. Hereinbelow, the fuel injection
amount corresponding to each compression stroke injection is referred to as the "second injection amount".

[0167] Particularly, the second injection amount determination unit 105c first calculates the total fuel injection amountin
the compression stroke injection by subtracting the first injection amount from the target injection amount. By multiplying
the calculated value by each second split ratio, the second injection amount determination unit 105¢c determines each
second injection amount.

[0168] The second injection amount determination unit 105¢ may inputs one or more second injection amounts,
particularly all second injection amounts to the preignition limit calculation unit 105f, distinguishing the second injection
amount in the last-stage compression stroke injection close to the compression TDC from the other injection amounts
among one or more second injection amounts. The second injection amount determination unit 105¢ may also inputone or
more second injection amounts, particularly all the second injection amounts to the second injection conversion unit 106.
Hereinbelow, the second injection amount of the last stage is also referred to as the "last-stage injection amount".

[6-5-4. F/B Correction Unit]

[0169] TheF/B correctionunit105d may add an F/B term to the provisional last-stage SOl determined by the second SOI
determination unit 105a. The F/B term may be added to the provisional last-stage SOI, thereby retarding or advancing the
provisional last-stage SOI. Details of the F/B term will be described further below.

[0170] The provisional last-stage SOI to which the F/B term is added by the F/B correction unit 105d may be input to the
advance limitdetermination unit 105g. Hereinbelow, an output value of the F/B correction unit 105d is also referred to as the
"provisional last-stage SOI".

[6-5-5. Transport Limit Calculation Unit]

[0171] The cavity limit calculation unit 105e may calculate afifth limit line Li5 based on the operating state of the engine 1.
The fifth limit line Li5 defines a lower limit value (advance limit) of the last-stage SOl together with a first limit line Li1, which
will be described further below. The fifth limit line Li5 indicates the limit value for allowing the fuel injected from the injector 6
to reach the inside of the cavity 31.

[0172] That is, when the last-stage SOl is excessively advanced, the fuel is injected with the piston 3 excessively
lowered relative to the injector 6. In this case, the spray injected from the injector 6 may be positioned outside the cavity 31,
and the air-fuel mixture may not sufficiently reach the vicinity of the firstand second spark plugs 251, 252. This may resultin
unstable ignition by the first and second spark plugs 251, 252. The unstable ignition may cause deterioration in the fuel
efficiency and is thus unfavorable.

[0173] Onthe otherhand, the cavity limit calculation unit 105e according to the present embodiment determines the fifth
limit line Li5 as the advance limit of the last-stage SOI based on the fuel pressure and the engine speed.

[0174] For example, the cavity limit calculation unit 105e shifts the fifth limit line Li5 to the advanced side relative to the
compression TDC as the fuel pressure increases. This is because when the fuel pressure is high, it is easier for the fuel to
reach the first and/or second spark plugs 251, 252 than when the fuel pressure is low, and setting the advance limit of the
last-stage SOI to a more advanced side is thus allowed.

[0175] Particularly, the cavity limit calculation unit 105e may shift the fifth limit line Li5 to the advanced side relative to the
compression TDC as the engine speed increases. Typically, when the engine speed is high, the time required to change
the crank angle by 1° is shorter than that when the engine speed is low. Thus, at spraying from the injector 6, the piston 3
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can be brought close to the injector 6 within a shorttime. Thus, when the engine speedis high, itis easier for the fuel toreach
the firstand second spark plugs 251, 252 than when the engine speed is low, and setting the advance limit of the last-stage
SOl to a more advanced side is thus allowed.

[0176] In this manner, the cavity limit calculation unit 105e determines the fifth limit line Li5 based on the fuel pressure
and/or the engine speed. This determination may be performed, for example, by checking measured values of the fuel
pressure and the engine speed against a fifth limit map M53 that defines the fifth limit line Li5.

[0177] Here, the fifth limit map M53 is a map that associates or correlates the values of the fuel pressure, the engine
speed, and/or the target load with a value of the fifth limit line Li5. The specific value of the fifth limit line Li5 is tuned in
accordance with the geometric shape of the cavity 31 and the layout of the injector 6, the first spark plug 251, and second
spark plug 252. The fifth limit map M53 is previously stored in the memory 100b.

[0178] Thefifthlimitline Li5 determined by the cavity limit calculation unit 105e is input to the advance limit determination
unit 105g.

[6-5-6. Preignition Limit Calculation Unit]

[0179] The preignition limit calculation unit 105f may calculate the first limit line Li1 based on the operating state of the
engine 1. The firstlimit line Li1 defines the lower limit value (advance limit) of the last-stage SOI together with the fifth limit
line Li5 described above. The first limit line Li1 indicates the limit value at which preignition is restrained.

[0180] Thatis, excessively advancingthe last-stage SOl may cause preignition before ignition as a result oftoo early fuel
injection from the injector 6. The occurrence of preignition is unfavorable in improving the fuel efficiency of the engine 1,
and also unfavorable because the preignition can damage the engine 1.

[0181] On the other hand, as shown in FIG. 8, the preignition limit calculation unit 105f according to the present
embodiment may determine the firstlimitline Li1 as the advance limit of the last-stage SOl based on atleast one or all of the
RON estimated value, the IVC state quantity, and the second injection amount. The IVC state quantity referred to here
includes, for example, the in-cylinder temperature T),,¢, the in-cylinder oxygen concentration [02],,,c, the in-cylinder fuel
concentration [F],,c, and the in-cylinder pressure P at the time of the IVC.

[0182] Based on a value of the Livengood-Wu integral (LW value) that defines a reaction rate at which a substance
reaches self-ignition, the preignition limit calculation unit 105f according to the present embodiment may search for the
lower limit value (advance limit) of the last-stage SOl that keeps the LW value equal to or less than areference value. In the
search, the preignition limit calculation unit 105f may use a model M54 that defines the relationship between the first limit
line Li1 and aLW limitvalue LWj;,;; (details are shownin FIG. 10, which will be described further below). The preignition limit
calculation unit 105f may set the lower limit value as the first limit line Li1 indicating the advance limit of the last-stage SOI.
[0183] Note that the definition of the Livengood-Wu integral is described in, for example, Japanese Patent Laid-Open
No. 2019-39384, Japanese Patent Laid-Open No. 2022-12228, and the like and details thereof are thus omitted.
[0184] Asis well known, the Livengood-Wu integral is the time integral of the reaction rate defined by the inverse of an
ignition delay 7. The ignition delay t varies with the concentration (e.g., the molar fraction) of each substance, the pressure,
and the temperature inside the cylinder.

[0185] Here, for example, when the fuel injection is performed twice during the compression stroke as in the retard Sl
combustion, the substance concentration, the pressure, and the temperature inside the cylinder significantly change
between the first injection timing (the first second SOI) and the second injection timing (the second second SOI
corresponding to the last-stage SOI) .

[0186] Thus, the inventors of the present application have divided the integration interval of the reaction rate into an
interval from the first injection timing to the last-stage SOI, which is the second injection timing, and an interval from the
second injection timing to a predetermined timing after the compression TDC. Hereinbelow, the first halfinterval is referred
to as the first interval In1, the latter interval is referred to as the second interval In2, and the predetermined timing is also
referred to as the "LW value determination timing".

[0187] When the ignition delay in the first interval In1 is denoted as t1, the ignition delay in the second interval In2 is
denoted as 12, the firstinjection timing is denoted as Ti1, the LW value determination timing is denoted as Ti2, and the last-
stage SOl is simply denoted as "SOI" to simplify the description, the time integral indicating the LW value can be modeled
as in the following formula (1) and FIG. 9.

[Formula 1]

LW = %x (soi — Til) + % x (Ti2 — soi) (1)

[0188] Informula (1), Ti1is the crank angle that is set within a range from the middle stage of the compression stroke to
the late stage of the compression stroke and is, for example, a predetermined value that is set within arange of -70 [°CA] or
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more and -50 [°CA] or less after the compression TDC. On the other hand, Ti2 is the crank angle that is set within a range of
the early stage of the expansion stroke in the case of the retard SI combustion and is, for example, a predetermined value
that is set within a range of 20 [°CA] or more and 60 [°CA] or less after the compression TDC.

[0189] Inthe present embodiment, the last-stage SOI (SOI) may be searched for within a range in which the LW value
defined by formula (1) does not exceed a predetermined value around 1 (e.g., 0.9). Hereinbelow, this predetermined value
is referred to as the LW limit value LWt -

[0190] In addition, both t1 and 12 can be modeled as in the following formula (2).

[Formula 2]

—b —c —d
T=a%10" « P~ « (YFep, + YFy,0) *

YFO_Ze * YFF:L];I * exp (F(RO’I{V)XB) (2)

[0191] Informula(2),a,b,c,d, e, and fare numerical parameters obtained as a result of intensive studies conducted by
the inventors of the present application. All of these parameters are positive in the present embodiment.

[0192] Particularly, YFy is the molar fraction of a substance X, and F (RON) is a function that takes the RON estimated
value as an argument. This F is a function that is a positive value and has a positive correlation to the RON estimated value.
In addition, B is a constant that can be different values between the first interval In1 and the second interval In2 and is a
parameter that is previously stored in the memory 100b.

[0193] The preignition limit calculation unit 105f may read the RON estimated value and/or read the different values j3 for
the first interval In1 and/or the second interval In2, and substitutes the read values into formula (2).

[0194] Particularly, based on the IVC state quantity, the second injection amount, and the like, the preignition limit
calculation unit 105f may calculate the in-cylinder pressure P and the in-cylinder temperature Tat Ti1 and/or the in-cylinder
pressure P and the in-cylinder temperature Tat a predetermined timing near the last-stage SOI, and substitutes each of the
calculated values into formula (2).

[0195] Here, the "predetermined timing near the last-stage SOI" is, for example, the crank angle that is set within arange
of the late stage of the compression stroke and is, for example, a predetermined value that is set within arange of -35 [°CA]
or more and -15 [°CA] or less after the compression TDC. The value of the last-stage SOl may be used for the
"predetermined timing near the last-stage SOI".

[0196] Particularly, based on the IVC state quantity, the second injection amount, and the like, the preignition limit
calculation unit 105f calculates the molar fraction YF of each substance, and substitutes each of the calculated values into
formula (2). Each molar fraction YF is calculated based on some of the second injection amounts (compression stroke
injection) excluding the last-stage injection amount in the firstinterval In1 and calculated based on the sum of the second
injection amounts including the last-stage injection amount in the second interval In2.

[0197] With the substitution of these parameters completed, the above formula (1) becomes a model formula that
associates or correlates the last-stage SOI (SOI) with the LW value. FIG. 9 shows a graph of the time integral according to
the presentembodiment. This graph shows the behavior of the time integral of the inverse of the ignition delays t1, t2 when
the model of formulae (1) and (2) are employed. A value on the vertical axis at the LW value determination timing Ti2
indicates the magnitude of the LW value represented by formula (1).

[0198] Ofthefirstinterval In1and second interval In2 set within the compression stroke, the second interval In2 is closer
to the compression TDC than the first interval In1 is. Thus, the in-cylinder pressure P and the in-cylinder temperature T in
the second interval In2 are higher than those in the first interval In1. This acts to make the slope of the LW value in the
second interval In2 (= 1/12) steeper than the slope of the LW value in the first interval In1 (= 1/t1).

[0199] Particularly, the molarfraction YF ¢ of the fuel in the second interval In2 is larger than the mole fraction YFg, ¢ of
the fuel in the firstinterval In1 by including the fuel injected in the last-stage SOI. This also acts to make the slope of the LW
value in the second interval In2 (= 1/12) steeper than the slope of the LW value in the first interval In1 (= 1/t1).

[0200] Thus,the slope ofthe LW value inthe second interval In2 is larger than the slope of the LW value in the firstinterval
In1. Therefore, as shown in the upper graph (SOI: advance)in FIG. 9, as the last-stage SOI (SOI) is more advanced toward
the first injection timing Ti1, the first interval In1 decreases, and the second interval In2 increases correspondingly. As a
result of the difference in the slope between the intervals, the value of the time integral (LW value) at the LW value
determination timing Ti2 increases.

[0201] On the other hand, as shown in the lower graph (SOI: retard) in FIG. 9, as the last-stage SOI (SOI) is brought
closer to the LW value determination timing Ti2, the first interval In1 increases, and the second interval In2 decreases
correspondingly. As a result, the value of the time integral (LW value) at the LW value determination timing Ti2 decreases.
[0202] The relationship between the last-stage SOI (SOI) and the LW value is consistent with the knowledge that more
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advancing the last-stage SOI makes preignition more likely to occur. Depending on the setting of the last-stage SOI (SOI),
the LW value may exceed the LW limit value LW ;.

[0203] Here, the LW value represented by formula (1) can be regarded as a function that takes the last-stage SOI (SOI)
as an argument. This function is graphed in the graph shown in FIG. 10. This graph is obtained by graphing the model M54
representing changes in the LW value with respect to the last-stage SOI (SOI).

[0204] The preignition limit calculation unit 105f searches for an intersection point of the graph shown in FIG. 10 and the
LW limitvalue LW,;... This search may be performed, for example, by substituting the LW limit value LW/, into the left side
of formula (1) and then solving formula (1) for the SOI.

[0205] Finally, the preignition limit calculation unit 105f sets the last-stage SOI (SOI) at the intersection point described
above, thatis, the advance limit that is the boundary where the LW value exceeds the LW limit value LW,;.,; as the first limit
line Lif.

[0206] The first limit line Li1 determined by the preignition limit calculation unit 105f may be input to the advance limit
determination unit 105g.

[6-5-7. Advance Limit Determination Unit]

[0207] The advance limit determination unit 105g may read at least one or all of the provisional last-stage SOI, the first
limitline Li1, and the fifth limitline Li5, and selects and outputs the maximum value among these values. This output value is
the final value of the last-stage SOI. Note that the "maximum value" here refers to the crank angle that is most retarded
relative to the compression TDC in one combustion cycle.

[0208] Forexample, when a SOl base value is retarded relative to both the fifth limit line Li5 and the first limit line Li1, the
advance limit determination unit 105g outputs the provisional last-stage SOI as the last-stage SOI. On the other hand,
when the provisional last-stage SOl is retarded relative to the fifth limit line Li5, but is advanced relative to the first limitline
Li1, the advance limit determination unit 105g outputs a value on the first limit line Li1 as the last-stage SOI.

[6-5-8. Calculation Timing]

[0209] The second injection calculation unit 105 may start these calculations at the second timing T2. The second
injection calculation unit 105 inputs a signal indicating the SOI of the compression stroke injection (second SOI) including
the last-stage SOl and/or a signal indicating the fuel injection amount in the compression stroke injection (second injection
amount) to the second injection conversion unit 106.

(6-6. Second Injection Conversion Unit)

[0210] The second injection conversion unit 106 may generate a drive current for the injector 6 based on the second SOI
(including the last-stage SOI) and the second injection amount determined by the second injection calculation unit 105.
The ECU 10 may input the drive current generated by the second injection conversion unit 106 to the injector 6.

(6-7. Ignition Timing Calculation Unit)

[0211] FIG. 11 is a block diagram illustrating the configuration of the ignition timing calculation unit 107. The ignition
timing calculation unit 107 is a functional block that determines a target value of the ignition timing of the first and second
spark plugs 251, 252 as an example of the control parameter.

[0212] To determine the target value of the ignition timing, the ignition timing calculation unit 107 shown in FIG. 11 may
include atleast one or all of a target combustion gravity center setting unit 107a, a target combustion period determination
unit 107b, anignition timing conversion unit 107¢, a transport limit calculation unit 107d, a smoke limit calculation unit 107e,
and an advance limit determination unit 107f.

[0213] Note that a "combustion gravity center position" in the following description refers to the timing (crank angle) at
which heat generation of 50% of the total amount of heat generation that occurs during one combustion cycle occurs. This
combustion gravity center position can also be referred to as the timing (crank angle) at which 50% of the total injection
amount during one combustion cycle is burned, that is, a mass fraction burned 50% (mfb50: mass fractionburned).
[0214] The torque may become maximum when the mfb50 is the so-called minimum advance for best torque (MBT) and
gradually decreases as the mfb50 is retarded.

[0215] The ECU 10 is configured to adjust the ignition timing using this mfb50 as an indicator. Particularly, the ECU 10
may determine the mfb50 in accordance with the operating state of the engine 1 and sets the targetignition timing based on
a target position of the mfb50. That is, the ECU 10 determines the target ignition timing so that the first and second spark
plugs 251, 252 perform forced ignition at a timing such that the target position of the mfb50 is achieved.
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[6-7-1. Target Combustion Gravity Center Setting Unit]

[0216] The target combustion gravity center setting unit 107a may include at least one or all of a torque reduction
calculation unit 1071, a knock limit calculation unit 1072, a retard limit calculation unit 1073, and a combustion gravity
center selection unit 1074.

-Torque reduction Calculation Unit-

[0217] When a torque reduction request is made, the torque reduction calculation unit 1071 may determine a target
position of the mfb50 based on a predetermined retard limit so that the mfb50 does not exceed the retard limit. Particularly,
when a torque reduction request is made, the torque reduction calculation unit 1071 determines the target position of the
mfb50 based on the retard limit.

[0218] For example, in an automobile equipped with an automatic transmission, the torque reduction request is a
request to reduce the torque to the engine 1 when the automatic transmission is shifted up. Particularly, the torque
reduction request is a request to reduce the torque of the engine 1 when the driver sets the accelerator opening degree to
zero. Further particularly, the torque reduction request is a request to reduce the torque of the engine 1 in response to the
driver’s steering operation or the like in order to change the acceleration acting on the automobile for the running stability of
the automobile.

[0219] As described above, the position of the mfb50 is related to the ignition timing. Determining the target position of
the mfb50 is consequently equivalent to determining the target value of the ignition timing.

[0220] Retarding the ignition timing so thatthe mfb50 is retarded can reduce the torque more promptly than reducing the
amount of air by adjusting the opening degree of the throttle valve to reduce the torque.

[0221] Particularly, the torque reduction calculation unit 1071 determines the target position of the mfb50 based on the
retard limit by checking the mode signal, the load and the speed of the engine 1 against a predefined torque reduction map
M71. The target value of the mfb50 may be determined based on a standard deviation ¢ of the mfb50 and the retard limit so
that the retard limit becomes 3c of the mfb50.

[0222] Note that the various calculations related to the torque reduction calculation unit 1071 may employ, for example,
methods described in Japanese Patent Laid-Open No. 2020-169594 and the like, and details thereof are thus omitted.

-Knock Limit Calculation Unit-

[0223] The knock limit calculation unit 1072 may calculate a third limit line Li3 based on the operating state of the engine
1. The third limitline Li3 defines a lower limit value (advance limit) of the ignition timing. The third limit line Li3 indicates the
limit value at which knocking is restrained.

[0224] Thatis, advancing the ignition timing too much may resultin combustion noise caused by knocking. The ignition
timing has an advance limit for restraining combustion noise. The magnitude of this combustion noise is characterized by a
cylinder pressure level filtered (cplf), which is a combustion noise indicator. The applicant discloses a high correlation
between the cplf and the mfb50 in the following published patent documents and the like. The cplfis a frequency spectrum
of pressure changes inside the combustion chamber.

[0225] The knock limit calculation unit 1072 may advance the mfb50 as far as possible without exceeding a limiting value
of the cplf. The advance limit at this time is the limit value corresponding to the third limit line Li3 described above.
[0226] Particularly, the knock limit calculation unit 1072 first sets the limiting value of the cplf based on the load, the
speed, and the like of the engine 1. Further particularly, the knock limit calculation unit 1072 also sets a target cplf such that
the above-mentioned limiting value is not exceeded, taking into consideration variations in the cplf caused by combustion
of the air-fuel mixture.

[0227] Further particularly, the knock limit calculation unit 1072 calculates the target position of the mfb50 at the advance
limit by checking the load and the speed of the engine 1, and the target cplf against a predetermined knock limit map M72.
[0228] As described above, the position of the mfb50 is related to the ignition timing. Determining the target position of
the mfb50 at the advance limitis consequently equivalent to determining the third limit line Li3 indicating the advance limit
of the ignition timing.

[0229] Note thatthe various calculations related to the target cplf in the knock limit calculation unit 1072 may employ, for
example, methods described in Japanese Patent Laid-Open No. 2020-112095 and the like, and details thereof are thus
omitted. The knock limit calculation unit 1072 may also refer to the RON estimated value when setting the third limitline Li3.
Forexample, asthe RON estimated value increases, the third limitline Li3 shifts to the advanced side (shifts in the direction
for allowing the ignition timing to advance).
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-Retard Limit Calculation Unit-

[0230] Theretard limitcalculation unit 1073 may calculate a fourth limitline Li4 based on the operating state of the engine
1. Thefourth limitline Li4 defines an upper limit value (retard limit) of the ignition timing. The fourth limitline Li4 indicates the
limit value at which the combustion stability is ensured. The fourth limit line Li4 can also be regarded as the limit value at
which misfire is restrained.

[0231] Thatis, when the ignition timing is retarded too much, Cl combustion in SPCCI combustion does not occur, or the
stability of the SI combustion part in retard S| combustion and SPCCI combustion is reduced. The ignition timing has a
retard limit for ensuring the combustion stability.

[0232] Thus, the retard limit calculation unit 1073 may calculate a target position of the mfb50 at the retard limit by
checking the load and the speed of the engine 1 against a predetermined retard limit map M73.

[0233] As described above, the position of the mfb50 is related to the ignition timing. Determining the position of the
mfb50 at the retard limit is consequently equivalent to determining the fourth limit line Li4 indicating the retard limit of the
ignition timing.

[0234] Theretardlimitmap M73 defines the relationship between the load and the speed of the engine 1 and the position
of the mfb50 at the retard limit. As the speed of the engine 1 decreases and/or the load of the engine 1 increases (thatis, the
charging efficiency increases), the fuel amountincreases and the combustion stability increases, and, in addition, the time
between ignition and combustion is long even if the ignition timing is retarded, which makes it possible to restrain misfire
and the like.

[0235] Asthe speed of the engine 1 decreases and/or the load of the engine 1 increases, the ignition timing can be more
largely retarded. The position of the mfb50 at the retard limitis more retarded as the speed of the engine 1 decreases and
the load of the engine 1 increases and/oris more advanced as the engine speed increases and the load decreases (thatis,
the charging efficiency decreases).

[0236] Note that the various calculations related to the retard limit calculation unit 1073 may employ, for example,
methods described in Japanese Patent Laid-Open No. 2018-84181, Japanese Patent Laid-Open No. 2020-16197, and
the like, and details thereof are thus omitted.

-Combustion Gravity Center Selection Unit-

[0237] The combustion gravity center selection unit 1074 may select any one of the positions of the mfb50 calculated by
the torque reduction calculation unit 1071, the knock limit calculation unit 1072, and the retard limit calculation unit 1073.
[0238] Forexample, when atorque reduction requestis made, the combustion gravity center selection unit 1074 selects
the position of the mfb50 calculated by the torque reduction calculation unit 1071 and sets this as the target mfb50.
[0239] Onthe other hand, when no torque reduction request is made, the combustion gravity center selection unit 1074
selects the mfb50 position calculated by the knock limit calculation unit 1072 as long as itis on the advanced side relative to
the mfb50 position calculated by the retard limit calculation unit 1073. The combustion gravity center selection unit 1074
sets the mfb50 position calculated by the knock limit calculation unit 1072 as the target mfb50.

[0240] Particularly, when the mfb50 position calculated by the knock limit calculation unit 1072 shifts to the retarded side
relative to the mfb50 position calculated by the retard limit calculation unit 1073, the combustion gravity center selection
unit 1074 selects the mfb50 position calculated by the retard limit calculation unit 1073. The combustion gravity center
selection unit 1074 sets the mfb50 position calculated by the retard limit calculation unit 1073 as the target mfb50.

[6-7-2. Target Combustion Period Determination Unit]

[0241] The target combustion period determination unit 107b may include a base period calculation unit 1075, and/or a
base period correction unit 1076.

[0242] Note that a "combustion period" in the following description refers to the period from the timing (crank angle) at
which heat generation of 10% of the total amount of heat generation that occurs during one combustion cycle occurs to the
timing (crank angle) at which heat generation of 50% thereof occurs. This combustion period is equal to a period obtained
by subtracting a mass fraction burned 10% (mfb10) from the mfb50 in one combustion cycle. Hereinbelow, this period is
denoted as the "mfb1050".

[0243] The mfb1050 changes in accordance with the ignition timing of the fuel. In other words, in accordance with a
target mfb1050, the ignition timing that achieves the target changes.

[0244] Thus, the ECU 10 may be configured to adjust the ignition timing using this mfb1050 as an indicator. Particularly,
the ECU10 determines the mfb1050 in accordance with the operating state of the engine 1 and sets the target ignition
timing based on the target mfb1050. That is, the ECU 10 determines the target ignition timing at a timing that enables the
target mfb1050 to be achieved in addition to the target mfb50 position.
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-Base Period Calculation Unit-

[0245] The base period calculation unit 1075 may calculate a base value (base period) of the mfb1050 by checking the
mode signal, and the load and the speed of the engine 1 against a base period estimation map M74 or by substituting them
into a base period estimation model (not shown).

[0246] For example, when all the parameters other than the injection mode are the same, the Cl combustion has a
shorter combustion period than the S| combustion. Thus, the SPCCI combustion has a shorter combustion period than the
retard S| combustion. The base period described above increases or decreases depending on the injection mode.
[0247] Particularly, the base period calculation unit 1075 estimates a shorter base period as the speed of the engine 1
increases. This is because, basically, as the speed of the engine 1 increases, the flame propagation speed increases, and
the combustion of the air-fuel mixture abruptly progresses.

[0248] Further particularly, the base period calculation unit 1075 estimates alonger base period as the load of the engine
1increases. This is because, basically, as the fuel injection amount increases, the time required for the combustion of the
fuel increases.

-Base Period Correction Unit-

[0249] The base period correction unit 1076 may determine a target value of the mfb1050 by performing various
corrections, such as a correction in accordance with the splitratio of the retard Sl, on the base period calculated by the base
period calculation unit 1075.

[0250] The corrections performed by the base period correction unit 1076 may include corrections based on atleast one
or all of the external EGR rate, a target equivalent ratio, and the above-mentioned split ratio. For example, as the external
EGR rate increases, the fuel is diluted by a larger amount of gas, which increases the combustion period. On the other
hand, as the target equivalent ratio decreases, the fuel is diluted by a larger amount of air, which increases the combustion
period.

[0251] The base period correction unit 1076 may output the base period with the above-mentioned corrections applied
as the target mfb1050.

[6-7-3. Ignition Timing Conversion Unit]

[0252] The ignition timing conversion unit 107c may convert the target mfb50 and the target mfb1050 to a base value
(base timing) of the ignition timing by substituting the target mfb50 and the target mfb1050 into an ignition timing conversion
model M75.

[0253] Whenthe value ofthe target mfb1050 is fixed, itis necessary to more retard the ignition timing as the target mfb50
is more retarded. Similarly, when the value of the target mfb50 is fixed, itis necessary to more advance the ignition timing as
the target mfb1050 becomes longer.

[0254] The ignition timing conversion model M75 may be a model that formulates these tendencies, and, by substituting
the target mfb50 and the target mfb1050, the base timing corresponding to these target values can be calculated.
[0255] The base timing obtained by the ignition timing conversion unit 107c¢ is input to the advance limit determination
unit 107f.

[6-7-4. Transport Limit Calculation Unit]

[0256] The transport limit calculation unit 107d may calculate a sixth limit line Li6 based on the operating state of the
engine 1. The sixth limit line Li6 defines a lower limit value (advance limit) of the ignition timing together with a second limit
line Li2, which will be described further below. The sixth limit line Li6 indicates the limit value for allowing the fuel injected
from the injector 6 to reach the first and second spark plugs 251, 252 through the cavity 31.

[0257] Particularly, when the ignition timing is excessively advanced, the ignition is performed with the piston 3
excessively lowered relative to the injector 6. In this case, the ignition may be performed before the air-fuel mixture
generated by spray injected from the injector 6 sufficiently reaches the first and second spark plugs 251, 252. This may
resultin unstable ignition by the firstand second spark plugs 251, 252. The unstable ignition may cause deterioration in the
fuel efficiency and is thus unfavorable.

[0258] Further particularly, it is conceivable that the transport limit is also related to the retard limit of the last-stage SOI.
Thatis, when the last-stage SOl is excessively retarded, the time interval between the end timing of the fuel injection and
the ignition timing is shortened, and the arrival of the air-fuel mixture to the first and second spark plugs 251, 252 may
become insufficient. This is considered to lead to unstable ignition as with the above reason.

[0259] On the other hand, the transport limit calculation unit 107d according to the present embodiment determines the
sixth limit line Li6 as the advance limit of the ignition timing based on the engine speed, the last-stage SOI, the last-stage
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injection amount, and the fuel pressure.

[0260] For example, the transport limit calculation unit 107d shifts the sixth limit line Li6 to the advanced side relative to
the compression TDC as the fuel pressure increases. This is because when the fuel pressure is high, it is easier for the fuel
to reach the first and second spark plugs 251, 252 than when the fuel pressure is low, and setting the advance limit of the
ignition timing to a more advanced side is thus allowed.

[0261] Particularly, the transportlimit calculation unit 107d shifts the sixth limitline Li6 to the advanced side relative to the
compression TDC as the engine speed increases. Typically, when the engine speed is high, the time required to change
the crank angle by 1° is shorter than that when the engine speed is low. Thus, at spraying from the injector 6, the piston 3
can be brought close to the injector 6 within a shorttime. Thus, when the engine speedis high, itis easier for the fuel toreach
the first and second spark plugs 251, 252 than when the engine speed is low, and setting the advance limit of the ignition
timing to a more advanced side is thus allowed.

[0262] Further particularly, the transport limit calculation unit 107d shifts the sixth limit line Li6 to the advanced side
relative to the compression TDC as the last-stage SOl is more advanced. When the last-stage SOl is advanced, a longer
time can be ensured to guide the fuel injected from the injector 6 to the first and second spark plugs 251, 252. Thus it
becomes easier for the air-fuel mixture to reach the vicinity of the first and second spark plugs 251, 252, and setting the
advance limit of the ignition timing to a more advanced side is thus allowed.

[0263] Further particularly, the transportlimit calculation unit 107d shifts the sixth limitline Li6 to the retarded side relative
to the compression TDC as the last-stage injection amount increases. When the last-stage injection amount is increased,
the injection amount up to that point decreases in accordance with the split ratio, and the in-cylinder A/F excluding the
contribution of the last-stage injection amount becomes lean. As a result, the sixth limit line Li6 is shifted to the retarded
side.

[0264] In this manner, the transport limit calculation unit 107d determines the sixth limit line Li6 based on the engine
speed, the last-stage SOI, the last-stage injection amount, and the fuel pressure. This determination can be performed, for
example, by checking values of the engine speed, the last-stage SOI, the last-stage injection amount, and the fuel
pressure against a transport limit map M76 that defines the sixth limit line Li6.

[0265] Here,thetransportlimit map M76 may be a map that associates or correlates the values of atleast one or all of the
engine speed, the last-stage SOI, the last-stage injection amount, and the fuel pressure with a value of the sixth limit line
Li6. The specific value of the sixth limit line Li6 is tuned in accordance with the geometric shape of the cavity 31 and the
layout of the injector 6, the first spark plug 251, and second spark plug 252. The transport limit map M76 is previously stored
in the memory 100b.

[0266] The sixth limit line Li6 determined by the transport limit calculation unit 107d may be input to the advance limit
determination unit 107f.

[6-7-5. Smoke Limit Calculation Unit]

[0267] The smoke limit calculation unit 107e may calculate the second limit line Li2 based on the operating state of the
engine 1. The second limit line Li2 defines the lower limit value (advance limit) of the ignition timing together with the sixth
limit line Li6 described above. The second limit line Li2 indicates the limit value at which the occurrence of smoke is
restrained.

[0268] Particularly, itis conceivable that, when the ignition timing is excessively advanced, the ignition starts before the
fuel evaporates sufficiently, which may result in the occurrence of smoke. The occurrence of smoke is unfavorable in
improving the fuel efficiency and the emission performance of the engine 1.

[0269] Further particularly, it is conceivable that the occurrence of smoke is also related to the retard limit of the last-
stage SOI. That is, when the last-stage SOl is excessively retarded, the time interval between the end timing of the fuel
injection and the ignition timing is shortened, which may result in insufficient fuel evaporation. This is considered to lead to
the occurrence of smoke as with the above reason.

[0270] On the other hand, the smoke limit calculation unit 107e according to the present embodiment determines the
second limit line Li2 as the advance limit of the ignition timing based on the last-stage injection amount, the fuel pressure,
the last-stage SOI, the engine cooling water temperature, and various IVC state quantities as shown in FIGS. 11 and 12.
[0271] Particularly, the smoke limit calculation unit 107e includes an evaporation end timing estimation unit 1077, and/or
a smoke limit inverse calculation unit 1078 as illustrated in FIGS. 11 and 12.

-Evaporation End Timing Estimation Unit-
[0272] The evaporation end timing estimation unit 1077 may include at least one or all of an injection period map M77, a
crank angle conversion unit 1077a, a first addition unit 1077b, an evaporation period estimation unit 1077c, and a second

addition unit 1077d.
[0273] Theinjection period map M77 may calculate a fuel injection period (in particular, an injection period related to the
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last-stage injection amount) in units of time based on the last-stage injection amount and the fuel pressure. The crank angle
conversion unit 1077a may convert the calculated injection period to be represented in units of crank angle.

[0274] When this injection period is denoted as T;,;, and an end of injection timing (EQI) of the last-stage compression
stroke injection is denoted as "last-stage EQI", the injection period T;; can be described as in the following formula (3).

Tiny = last-stage EOI - last-stage SOI (3)

[0275] Thefirstaddition unit 1077b adds the last-stage SOl to the injection period Tinj and outputs a result of the addition.
As is apparent from formula (3), a value output by the first addition unit 1077b is nothing but a value of the last-stage EOI.
[0276] The evaporation period estimation unit 1077c may estimate a period until the fuel injected up to the last-stage EOI
evaporates (evaporation period) based on the fuel pressure, the engine cooling water temperature, and the IVC state
quantity, and a map or a model.

[0277] The evaporation period estimation unit 1077c may estimate the evaporation period using, for example, a model
based on the evaporation speed of the fuel. In such estimation, a fuel droplet model can be used as described in, for
example, Japanese Patent Laid-Open No. 2013-11176, International Publication No. WO 2012/046312, and the like.
[0278] When the evaporation period is denoted as T, ,, and an estimated value of an end of evaporation timing (EOE)
indicating the timing when the fuel evaporation is completed is denoted as "EOE", the evaporation period T, can be
described as in the following formula (4).

Teva = EOE - last-stage EOI (4)

[0279] The second addition unit 1077d adds the last-stage EOIl to the evaporation period T, , and outputs a result of the
addition. As is apparent from formula (4), a value output by the second addition unit 1077d is nothing but a value of the EOE.

-Smoke Limit Inverse Calculation Unit-

[0280] The smoke limitinverse calculation unit 1078 may include a standby period map M78, and/or a third addition unit
1078a.

[0281] The standby period map M78 may calculate a standby period, which will be described further below, based on the
load and the speed of the engine 1. This standby period is the standby period between the end of evaporation of the fuel and
the start of ignition. By setting the standby period to a value larger than zero, ignition can be started after reliably waiting for
the end of evaporation of the fuel.

[0282] The standby period map M78 may increase the standby period as the load of the engine 1 increases, and also
increases the standby period as the speed of the engine 1 increases.

[0283] When this standby period is denoted as Tg,, and the advance limit of the ignition timing is denoted as IG, the
standby period T, can be described as in the following formula (5).

Tetp = IG - ECE (5)

[0284] The third addition unit 1078a may add the EOE to the standby period T, and output a result of the addition. As is
apparent from the above formula (5), a value output by the third addition unit 1078a is nothing but a value of the IG.
[0285] The value of IG in Formula (5) is the advance limit of the ignition timing at which the restraint of smoke is
guaranteed, and corresponds to the second limit line Li2 described above.

[0286] In this manner, the smoke limit inverse calculation unit 1078 outputs the second limit line Li2.

[0287] Note that, when factors other than the last-stage SOI, such as the fuel pressure, the load and the speed of the
engine 1, the last-stage injection amount, and the engine cooling water temperature, are fixed, the value output by the third
addition unit 1078a can be described as in formula (6).

IG = Con + last-stage SOI (6)
[0288] Inthe above formula (6), Con is a parameter that depends on factors such as the fuel pressure, the load and the

speed of the engine 1. When the factors other than the last-stage SOI are fixed as described above, Con becomes a
constant term.

23



10

15

20

25

30

35

40

45

50

55

EP 4 585 797 A1

[0289] Takinginto consideration that |G on the left side in the above formula (6) corresponds to the second limitline Li2, it
can be understood that the advance limit for restraining smoke (= the second limitline Li2) is a linear function with slope =1,
having the last-stage SOI as a variable. The second limit line Li2 is strongly correlated with the last-stage SOI.

[6-7-6. Advance Limit Determination Unit]

[0290] The advance limit determination unit 107f may read at least one or all of the base timing of the ignition timing, the
sixth limit line Li6, and the second limit line Li2, and selects and outputs the maximum value among these values. This
output value may be the final value of the ignition timing. Note that the "maximum value" here refers to the crank angle that
is most retarded relative to the compression TDC in one combustion cycle.

[0291] Forexample, when the base timing is retarded relative to both the sixth limit line Li6 and the second limit line Li2,
the advance limit determination unit 107f outputs the base timing as the ignition timing. On the other hand, when the base
timing is retarded relative to the sixth limit line Li6, but is advanced relative to the second limit line Li2, the advance limit
determination unit 107f outputs a value on the second limit line Li2 as the ignition timing.

[6-7-7. Calculation Timing]

[0292] The ignition timing calculation unit 107 may execute these calculations continuously from the calculations of the
second injection calculation unit 105 starting at the second timing T2. The ignition timing calculation unit 107 inputs a signal
indicating the ignition timing to the first spark plug 251 and the second spark plug 252.

(6-8. F/B Term Calculation Unit)

[0293] The F/Bterm calculation unit 108 may calculate the F/B term based on atleast one or all of the current value of the
last-stage SOI, the second limit line Li2, and the third limit line Li3 in order to execute feedback control related to the last-
stage SOI.

[0294] Particularly, the F/B term calculation unit 108 searches for an intersection point of the current value of the last-
stage SOl and/or the second limit line Li2, and determines the ignition timing on the second limit line Li2 corresponding to
the current value of the last-stage SOI. Hereinbelow, the ignition timing on the second limitline Li2 is also referred to as the
"smoke limit timing".

[0295] Further particularly, the F/B term calculation unit 108 searches for an intersection point of the current value of the
last-stage SOI and the third limit line Li3, and converts the intersection point (mfb50) to the ignition timing. The F/B term
calculation unit 108 determines the ignition timing on the third limit line Li3 corresponding to the current value of the last-
stage SOI. Hereinbelow, the ignition timing on the third limit line Li3 is also referred to as the "knock limit timing".
[0296] Then, the F/B term calculation unit 108 may compare the smoke limit timing with the knock limit timing. The F/B
term calculation unit 108 determines the F/B term based on a result of the comparison. The sign of the F/B termiis illustrated
in FIG. 13.

[0297] Particularly, when the smoke limittiming is larger than the knock limit timing, the F/B term calculation unit 108 sets
the F/B term to a predetermined negative value. This setting corresponds to shifting the last-stage SOI in the advance
direction.

[0298] Further particularly, when the smoke limittiming is smaller than the knock limit timing, the F/B term calculation unit
108 sets the F/B term to a predetermined positive value. This setting corresponds to shifting the last-stage SOl in the retard
direction.

[0299] Further particularly, when the smoke limit timing is equal to the knock limit timing, the F/B term calculation unit 108
sets the F/B term to zero. This setting corresponds to not shifting the last-stage SOI any further.

<7. Basic Concept Related to Parameter Map>

[0300] Asdescribed above withreferenceto FIGS.6to 12,the ECU 10 according to the presentembodiment determines
the combination of the last-stage SOI (hereinbelow, also simply referred to as the "injection timing") and the ignition timing
corresponding to the last-stage SOI.

[0301] Such determination of the ECU 10 corresponds to a step of selecting the combination of the injection timing and
the ignition timing, corresponding to a selection on a parameter map M;;, having the injection timing as a first axis and the
ignition timing as a second axis. Hereinbelow, the combination of the injection timing and the ignition timing may be referred
to as the "control parameter" as described above or the "control point".

[0302] FIG. 14 illustrates a schematic diagram of the parameter map M;;,. FIG. 13 illustrates an example in which the
compression TDC is the origin, the first axis is the x axis, and the second axis is the y axis.

[0303] Onthe parameter map My, a plurality of limitlines that vary in accordance with the operating state of the engine 1
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are provided. The plurality of limit lines are the first limit line Li1 to the fourth limit line Li4 described above. The plurality of
limitlines may be the firstlimitline Li1 to the fifth limit line Li5 or the first limit line Li1 to the sixth limit line Li6 described above.
[0304] That is, as described above, the injection timing has the first limit line Li1 indicating the advance limit
corresponding to restraining preignition, and, optionally, the fifth limit line Li5 indicating the advance limit corresponding
to the cavity limit.

[0305] Inthe case ofthe examplein FIG. 14, the firstlimitline Li1 may be a straight line substantially parallel to the y axis
(ignition timing). Particularly, the first limit line Li1 is a straight line that advances or very slightly advances the injection
timing in accordance with the advance of the ignition timing (that is, a straight line having a slight dependence on the
ignition timing). This reflects the influence of the interval of the injection timing and ignition timing. An earlier ignition timing
is advantageous, although only slightly, and further advancing is allowed. Each point on the first limit line Li1 may be
basically a negative value.

[0306] The fifth limit line Li5 may be a straight line parallel to the y axis (ignition timing). Particularly, the fifth limit line Li5
may be a straight line that maintains the injection timing constant in response to an increase or decrease in the ignition
timing (thatis, a straight line having no dependence on the ignition timing). Each point on the fifth limit line Li5 is a negative
value.

[0307] The ignition timing has the second limit line Li2 indicating the advance limit corresponding to restraining the
occurrence of smoke, the third limit line Li3 indicating the advance limit corresponding to restraining the occurrence of
knocking, and the fourth limit line Li4 indicating the retard limit corresponding to ensuring the combustion stability, and
optionally the sixth limit line Li6 indicating the advance limit corresponding to the transport limit.

[0308] Here, the third limit line Li3 and the fourth limit line Li4 are the advance limit and the retard limit that may be
indirectly incorporated into the determination of the ignition timing through the setting of the target mfb50.

[0309] Particularly, as described above, at least the second limit line Li2 and the sixth limit line Li6 have a dependence
not only on the ignition timing, but also on the injection timing (last-stage SOI).

[0310] Inthe case of the example in FIG. 14, the fourth limit line Li4 may be a straight line substantially parallel to the x
axis (injection timing). Particularly, the fourth limit line Li4 is a straight line that retards or very slightly retards the ignition
timing in accordance with the retard of the injection timing (that s, a straightline having a slight dependence on the injection
timing). This reflects the influence of the interval of the injection timing and ignition timing. A later injection timing is
advantageous, although only slightly, and further retarding is allowed. Each point on the fourth limit line Li4 is basically a
positive value.

[0311] The second limit line Li2, the third limit line Li3, and the sixth limit line Li6 may be straight lines having a
dependence on the injection timing. In particular, the second limit line Li2 may be a linear function with a slope = 1, as
represented in formula (6).

[0312] Among the firstlimitline Li1 to the sixth limitline Li6, at least the first limit line Li1 to the fourth limit line Li4 define a
parameter region R;;,, surrounded by the first limit line Li1 to the fourth limit line Li4 on the parameter map M.
[0313] The ECU 10 takes the first limit line Li1 to the fourth limit line Li4 into consideration when determining the control
parameter. This is equivalent to selecting the combination of the injection timing and the ignition timing within the range of
the parameter region Ry;,.

[0314] Particularly, the ECU 10 according to the present embodiment selects the control parameter so that the ignition
timing is at maximum advance within the range of the parameter region R;;,,. Hereinbelow, this selection will be described
with a conceptual example.

<8. Specific Example of Process Related to Parameter Map>

[0315] Thefollowing description will start from a state in which the ignition timing is at maximum advance within the range
of the parameter region R;;,, as shown by a control point P4 in FIG. 14.

[0316] When the parameter region R, is reduced or expanded, the ECU 10 may execute at least one of feedback
control and feedforward control for the injection timing, while executing feedforward control for the ignition timing. The
feedforward control is a process that is executed before the air-fuel mixture is actually ignited in each combustion cycle.
The feedback control is a process that is executed repeatedly and in stages each time the combustion cycle is repeated.
[0317] Asituationinwhich, as shownin FIG. 15A, the third limitline Li3 corresponding to the knock limit has shifted to the
retarded side (restraining combustion noise has been made difficult), for example, as a result of a reduction in the fuel
pressure will be considered. In this case, since the F/B term is not calculated without going through the ignition timing
calculation unit 107, the feedback control for the injection timing is not executed until the first combustion cycle after the
shift is performed. In addition, since the magnitude relationship with the first limit line Li1 and the fifth limit line Li5 has not
changed, the feedforward control for the injection timing is also not executed.

[0318] Ontheotherhand, asaresultofthe shiftof the third limitline Li3, the parameter region R, is reduced. Inresponse
to this reduction, the ignition timing at the initial position of the control point P falls outside the range of the parameter
region Ry,.
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[0319] In this case, the knock limit calculation unit 1072 of the ignition timing calculation unit 107 may shift the ignition
timing onto a shifted third limit line Li3A. This third limit line Li3A may be located on the retarded side relative to the second
limitline Li2 and the sixth limitline Li6, which eliminates the necessity of guard by both the limitlines. The process of shifting
the ignition timing is feedforward control based on the operating state of the engine 1.

[0320] Inthefirstcombustion cycle afterthe reduction of the parameterregion R;;,,, only the ignition timing may be shifted
prior toigniting the air-fuel mixture (refer to a control point P,4). The ECU10 may cause the air-fuel mixture to burn with only
the ignition timing shifted.

[0321] By shiftingthe ignition timing, information related to the third limitline Li3A and the second limit line Li2 used for the
shift may be fed back to the F/B term calculation unit 108.

[0322] The F/B term calculation unit 108 may calculate the F/B term based on the fed-back information through the
process described above with reference to FIG. 13. In the case of the example in FIG. 15A, the knock limit timing is larger
than the smoke limit timing. Thus, the F/B term calculation unit 108 determines the F/B term in the direction of retarding the
injection timing.

[0323] Inthe second combustion cycle after the shift, the injection timing may shift to the retarded side in response to the
addition of the F/B term (refer to a control point P,,). The process of shifting the injection timing is feedback control based
on the operating state of the engine 1.

[0324] However, this control point P, still has room for advance related to the knock limit. Thus, the knock limit
calculation unit 1072 shifts the ignition timing onto the shifted third limit line Li3A. This shiftis feedforward control as with the
above.

[0325] The ECU 10 may shift the injection timing, particularly in stages or stepwise, each time the combustion cycle is
repeated. This shift is feedback control based on the operating state of the engine 1. Atthis time, even if the injection timing
passes a desired control point (the maximum advance point of the ignition timing), the magnitude relationship between the
knock limit timing and the smoke limit timing is reversed.

[0326] The F/B term calculation unit 108 may reliably cause the injection timing to reach the desired control point by
combining the addition of the F/B term in the direction of retarding the injection timing with the addition of the F/B termin the
direction of advancing the injection timing.

[0327] By repeating the feedback control and the feedforward control in this manner, a control point P53 reaches an
intersection point of the third limitline Li3A and the second limit line Li2. This intersection pointis the control point where the
knock limit timing and the smoke limit timing coincide with each other. Thus, the F/B term calculation unit 108 sets the F/B
term to zero.

[0328] By setting the F/B term to zero, the feedback control for the injection timing is finished. Since the ignition timing is
also located at the intersection point of the third limit line Li3A and the second limit line Li2, there is no room for further
advance, and the feedforward control for the ignition timing is also finished.

[0329] The control point Pa3 thus reached corresponds to the maximum advance point of the ignition timing in a
parameter region R;;,A after reduction.

[0330] Particularly, a situation in which, as shown in FIG. 15B, the first limit line Li1 corresponding to preignition has
shifted to the retarded side (restraining preignition has been made difficult), for example, as a result of a low-octane fuel
being newly filled will be considered. In this case, since the F/B term is not calculated without going through the ignition
timing calculation unit 107, the feedback control for the injection timing is not executed in the first combustion cycle after the
shift. Although not shown in FIG. 15B, in this case, the third limit line Li3 is also shifted to the retarded side.

[0331] However, as aresult of the shift of the first limit line Li1, the parameter region R;;,, is reduced. In response to this
reduction, the injection timing at the initial position of the control point P is located on the advanced side relative to the first
limit line Li1 and thus falls outside the range of the parameter region R,

[0332] In this case, the preignition limit calculation unit 105f and/or the advance limit determination unit 105g of the
second injection calculation unit 105 may shift the injection timing onto a shifted first limit line Li1B (refer to a control point
Py1)- Thisfirstlimitline Li1B is located on the retarded side relative to the fifth limit line Li5 (not shown), which eliminates the
necessity of guard by the fifth limit line Li5. This process is feedforward control based on the operating state of the engine 1.
[0333] Particularly, the smoke limit calculation unit 107e and/or the advance limit determination unit 107f of the ignition
timing calculation unit 107 may shift the ignition timing onto the second limit line Li2. This second limit line Li2 is located on
the retarded side relative to the third limit line Li3 and the sixth limit line Li6, which eliminates the necessity of guard by both
the limitlines. The process of shifting the ignition timing is feedforward control based on the operating state of the engine 1.
[0334] Inthefirstcombustion cycle afterthe reduction of the parameter region R;;,,, the injection timing and/or the ignition
timing may be shifted prior to igniting the air-fuel mixture (refer to a control point P,,). The ECU10 causes the air-fuel
mixture to burn with the injection timing and/or the ignition timing shifted.

[0335] By shifting the ignition timing, information related to the third limit line Li3 and/or the second limit line Li2 used for
the shift may be fed back to the F/B term calculation unit 108.

[0336] The F/B term calculation unit 108 may calculate the F/B term based on the fed-back information through the
process described above with reference to FIG. 13. In the case of the example in FIG. 15B, the knock limit timing is smaller
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than the smoke limit timing. Thus, the F/B term calculation unit 108 determines the F/B term in the direction of advancing
the injection timing.

[0337] Inthe second combustion cycle after the shift, although the F/B term is added to the injection timing, the shifted
first limit line Li1B may serve as a guard, and the injection timing thus shifts onto the first limit line Li1B by feedforward
control. In response to the shift of the injection timing, the ignition timing shifts onto the second limit line Li2. The control
point P35, which is finally selected by repeating such a process, is nothing but the maximum advance point of the ignition
timing in the parameter region R;,B after reduction.

[0338] Inthis manner, the ECU 10 guides the control point P, 5 to the maximum advance point of the ignition timing in the
parameter region R;;,,B by executing at least the feedforward control.

[0339] Particularly, a situation in which, as shown in FIG. 15C, each of the first limit line Li1 and the third limit line Li3 has
shifted to the advanced side, for example, as a result of the engine being cold and a low-octane fuel being newly filled will be
considered. In this case, since the F/B term is not calculated without going through the ignition timing calculation unit 107,
feedback control for the injection timing may not be executed in the first combustion cycle after the shift. Further
particularly, since the magnitude relationship with the first limit line Li1 and the fifth limit line Li5 has not changed,
feedforward control for the injection timing may also not be executed.

[0340] Onthe otherhand, as aresult of the shift of the first limit line Li1 and the third limitline Li3 to the advanced side, the
parameter region R;;,, is expanded. In response to this expansion, the ignition timing at the initial position of the control
point P4 is brought to non-maximum advance although it is within the range of the parameter region Ry,.

[0341] Inthis case, since the ignition timing is also located on the second limitline Li2, feedforward control for the ignition
timing is also not executed.

[0342] However, information related to the third limit line Li3A and the second limit line Li2 used to determine whether
feedforward control is necessary is fed back to the F/B term calculation unit 108.

[0343] The F/B term calculation unit 108 may calculate the F/B term based on the fed-back information through the
process described above with reference to FIG. 13. In the case of the example in FIG. 15C, the knock limit timing is smaller
than the smoke limit timing. Thus, the F/B term calculation unit 108 determines the F/B term in the direction of advancing
the injection timing.

[0344] Inthe second combustion cycle after the shift, in response to the addition of the F/B term, the injection timing shifts
to the advanced side (refer to a control point P.,;). The process of shifting the injection timing is feedback control based on
the operating state of the engine 1.

[0345] However, this control point P4 still has room for advance related to the knock limit. Thus, the knock limit
calculation unit 1072 shifts the ignition timing onto a shifted third limit line Li3C. This shift is feedforward control for the
ignition timing.

[0346] The ECU 10 shifts the injection timing, particularly in stages or stepwise, each time the combustion cycle is
repeated. This shiftis feedback control based on the operating state of the engine 1. At this time, even if the injection timing
passes a desired control point (the maximum advance point of the ignition timing), the magnitude relationship between the
knock limit timing and the smoke limit timing is reversed.

[0347] The F/B term calculation unit 108 may reliably cause the injection timing to reach the desired control point by
combining the addition of the F/B term in the direction of retarding the injection timing and the addition of the F/B termin the
direction of advancing the injection timing.

[0348] By repeating the feedback control and the feedforward control in this manner, a control point P, reaches an
intersection point of the third limit line Li3C and the second limitline Li2. This intersection pointis the control point where the
knock limit timing and the smoke limit timing coincide with each other. Thus, the F/B term calculation unit 108 sets the F/B
term to zero.

[0349] By setting the F/B term to zero, the feedback control for the injection timing is finished. Since the ignition timing is
also located at the intersection point of the third limit line Li3C and the second limit line Li2, there is no room for further
advance, and the feedforward control of the ignition timing is also finished.

[0350] The control point P, thus reached corresponds to the maximum advance point of the ignition timing in the
parameter region R;,,C after expansion.

[0351] FIG. 16is aflowchartillustrating a process relating to the movement of the control point. First, in step S1, the ECU
10 may set a base value of the control point of the engine 1. This control point is the combination of the last-stage SOl and
the ignition timing as described above, and is set based on the operating state of the engine 1.

[0352] In parallel with, or before or after step S101, the ECU 10 may determine the parameter region R;;,, based on the
operating environment, such as changes in the engine cooling water temperature, changes in the octane number,
transition between cold operation and warm operation, and the operating state of the engine 1, such as the speed and the
load (step S102).

[0353] Inthe subsequentstep S103, the ECU 10 may determine whether the control pointis within the parameter region
Riim- As described above with reference to FIGS. 6 to 12, the determination of whether the last-stage SOl is within the
parameter region R;;,, and the determination of whether the ignition timing is within the parameter region R;;;, may be
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performed individually and continuously.

[0354] When the determination of step S103 is YES, the ECU 10 may advance the control process to step S105. When
the determination of step S103 is NO, the ECU 10 may advance the control process to step S104.

[0355] Instep S104,the ECU 10 may shiftthe control point onto the limitline by using the advance limit determination unit
105g for the last-stage SOI, the advance limitdetermination unit 107f for the ignition timing, and the like. For example, when
the ignition timing is on the advanced side relative to the second limitline Li2, the ECU 10 may shift the ignition timing onto
the second limit line Li2. The process of step S104 is feedforward control that is performed prior to igniting the air-fuel
mixture in one combustion cycle.

[0356] As described above with reference to FIG. 15B, the feedforward control of step S104 is also performed on the
last-stage SOI. After the process of step S104 is completed, the ECU 10 may advance the control process to step S105.
[0357] Instep S105, the ECU 10 may determine whether the ignition timing is at maximum advance (ignition maximum
advance) within the parameter region R;;,,. When this determination is YES, the ECU 10 may finish the control process
shown in FIG. 16. When the determination of step S105 is NO, the ECU 10 may advance the control process to step S106.
[0358] In step S106, the ECU 10 may shift the last-stage SOI and the ignition timing toward the ignition maximum
advance. Forthe last-stage SOI, feedback control thatis set based on the magnitude relationship between the second limit
line Li2 and the third limit line Li3 to shift the last-stage SOI in stages toward the intersection point of the two lines is
performed. This feedback control is performed in each combustion cycle each time the combustion cycle is repeated.

[0359] On the other hand, in step S106, for the ignition timing, feedforward control to shift the ignition timing onto the
second limit line Li2 or the third limit line Li3 is performed. That is, each time the last-stage SOl is shifted in stages, the
ignition timing moves away from the second limit line Li2 or the third limit line Li3. By performing the feedforward control
each time, it is possible to maintain the ignition timing on the second limit line Li2 or the third limit line Li3.

<9. Conclusion>

[0360] As described above, according to the above embodiment, the control point consisting of the combination of the
injection timing and the above-mentioned ignition timing is determined within the parameter region R, defined by the
plurality of limit lines. This makes it possible to perform setting within the range of various restrictions when selecting the
injection timing and the ignition timing.

[0361] Furthermore, by bringing the ignition timing to maximum advance within the parameter region R}, the fuel
efficiency of the engine 1 can be optimized while taking into consideration the various restrictions imposed on the engine 1.
[0362] Inaddition, even whenthe control point P falls outside the parameter region as illustrated in FIGS. 15A and 15B,
the control point is shifted to any one of the limit lines, such as the third limit line Li3A or the first limit line Li1B. This makes it
possible to respond to the restrictions imposed on the engine 1 in a preferential manner. Then, each process can be
performed in accordance with the desired order of priority by bringing the ignition timing to maximum advance in stages.
[0363] Asillustrated in FIGS. 15A and 15B, within one combustion cycle, the control point P, is shifted to the limit line
such as the third limit line Li3A or the first limit line Li1B. This makes it possible to respond as quickly as possible to the
restrictions imposed on the engine 1. In addition, the shift at this time may be a shift of the ignition timing as shown in FIG.
15A or a shift of the injection timing as shown in FIG. 15B.

[0364] Particularly, as shown by each arrow in FIGS. 15A to 15C, the ignition timing is brought to maximum advance in
stages for each combustion cycle. By changing the ignition timing in stages, the ignition timing can be more reliably shifted
to the maximum advance point.

[0365] Further particularly, as shown in FIG. 8, as one of the plurality of limit lines, the fifth limit line Li5 indicating the
advance limit for allowing the fuel injected from the injector 6 to reach the inside of the cavity 31 is adopted. This makes it
possible to impose restrictions on the engine 1 from a more multifaceted point of view. This is advantageous in improving
the performance of the engine 1.

[0366] Further particularly, as shown in FIG. 11, as one of the plurality of limit lines, the sixth limit line Li6 indicating the
advance limit for allowing the fuel injected from the injector to reach the first and second spark plugs 251, 252 is adopted.
This makes it possible to impose restrictions on the engine 1 from a more multifaceted point of view. This is advantageous
in improving the performance of the engine 1.

[0367] Further particularly, as shown in FIG. 11, the fourth limit line Li4 indicating the retard limit of the ignition timing is
adopted in the plurality of limit lines. This makes it possible to impose restrictions from a more important point of view in the
combustion control of the engine 1. This is advantageous in improving the performance of the engine 1.

<10. Other Embodiments>
[0368] Inthe above embodiment, the ECU 10 is configured to consequently perform a process equivalent to selecting

the control point on the parameter map M;;,,, although the ECU 10 does not actually store the parameter map M;;,, but the
present invention is not limited to such a configuration. The ECU 10 may be configured to store and read the parameter

28



10

15

20

25

30

35

40

45

50

55

EP 4 585 797 A1

map M;;,, and actually search for the control point on the parameter map Mj;,.

[Reference Signs List]

[0369]

1 engine

10 ECU

108 F/B term calculation unit

11 cylinder

6 injector

251 first spark plug (spark plug)
252  second spark plug (spark plug)
Li1 first limit line

Li2 second limit line

Li3 third limit line

Li4 fourth limit line

Li5 fifth limit line

Li6 sixth limit line

M, parameter map

Rim  parameter region

Claims

1. A method for controlling an engine (1) using a cylinder (11), an injector (6) that is configured to inject fuel into the

cylinder (11), one or more spark plugs (251, 252) that is configured to ignite an air-fuel mixture containing the fuel
injected from the injector (6), and a controller (10) that is electrically connected to the injector (6) and the one or more
spark plugs (251, 252) and is configured to control each of the injector (6) and the one or more spark plugs (251, 252),
wherein the method comprises a step in which the controller (10) selects a control point consisting of a combination of
an injection timing at which the injector (6) injects the fuel and an ignition timing at which the one or more spark plugs
(251, 252) ignite the air-fuel mixture, on or based on a parameter map (M;,,) having the injection timing as a first axis
and the ignition timing as a second axis,

a plurality of limit lines (Li1 to Li6) are provided on the parameter map (Mj;,,), each of the limit lines (Li1 to Li6)
varying in accordance with an operating state of the engine (1),

the plurality of limit lines (Li1 to Li6) include

a first limit line (Li1) indicating an advance limit at which preignition is restrained,

a second limit line (Li2) indicating an advance limit at which smoke is restrained,

a third limit line (Li3) indicating an advance limit at which knocking is restrained, and

a fourth limit line (Li4) indicating a retard limit at which combustion stability is ensured, and

define a parameter region (R};,,) surrounded by the plurality of limit lines (Li1 to Li6) on the parameter map (M;,,),
and

the method further comprises a step in which the controller (10) selects the control point so that the ignition timing
is brought to maximum advance within a range of the parameter region (Rj,)-

The method according to claim 1, further comprising:

a step in which the controller (10) shifts the control point onto any one of the limit lines (Li1 to Li6) constituting the
parameter region (R;;,,) when the control point falls outside the parameter region (Rj,,) in response to a reduction
of the parameter region (Rji,,); and then

a step in which the controller (10) shifts the control point each time a combustion cycle is repeated so that the
ignition timing is brought to maximum advance within a range of the parameter region (R;;,,) after the reduction.

The method according to claim 2, wherein
the controller (10) shifts the control point in stages or stepwise each time the combustion cycle is repeated.

The method according to claim 2 or 3, wherein the controller (10) executes the step of shifting the control point onto any
one of the limitlines (Li1 to Li6) within one combustion cycle through feedforward control based on the operating state

29



10

15

20

25

30

35

40

45

50

55

EP 4 585 797 A1
of the engine.

5. The method according to any one of the preceding claims, further comprising a step in which the controller (10) shifts
the control point each time a combustion cycle is repeated when the ignition timing is brought to non-maximum
advance in response to an expansion of the parameter region (R;;,,) so that the ignition timing is brought to maximum
advance within a range of the parameter region (R;;,,) after the expansion.

6. The method according to claim 5, wherein
the controller (10) shifts the control point in stages or stepwise each time the combustion cycle is repeated when the
ignition timing is brought to the non-maximum advance in response to the expansion of the parameter region (Rj;,,).

7. The method according to any one of the preceding claims, wherein

a piston (3) is in the cylinder (11),

a cavity (31) is formed on an upper face of the piston (3), and

the plurality of limit lines (Li1 to Li6) further include a fifth limit line (Li5) indicating an advance limit for allowing the
fuel injected from the injector (6) to reach inside of the cavity (31).

8. Themethod according to any one of the preceding claims, wherein the plurality of limitlines (Li1 to Li6) furtherinclude a
sixth limitline (Li6) indicating an advance limit for allowing the fuel injected from the injector (6) to reach the one or more
spark plugs (251, 252) .

9. Themethod accordingto any one ofthe preceding claims, wherein the fourth limitline (Li4) indicates aretard limit of the
ignition timing.

10. An engine system comprising:

an engine (1) having a cylinder (11), an injector (6) that is configured to inject fuel into the cylinder (11), and one or
more spark plugs (251, 252) that is configured to ignite an air-fuel mixture containing the fuel injected from the
injector (6); and

a controller (10) that is electrically connected to the injector (6) and the one or more spark plugs (251, 252) and is
configured to control each of the injector (6) and the one or more spark plugs (251, 252), wherein

the controller (10) is configured to select a control point consisting of a combination of an injection timing at which
the injector (6) injects the fuel and an ignition timing at which the one or more spark plugs (251, 252) ignites the air-
fuel mixture, on or based on a parameter map (M;,,) having the injection timing as afirst axis and the ignition timing
as a second axis,

a plurality of limit lines (Li1 to Li6) are provided on the parameter map (M;;,), each of the limit lines (Li1 to Li6)
varying in accordance with an operating state of the engine (1),

the plurality of limit lines (Li1 to Li6) include

a first limit line (Li1) indicating an advance limit at which preignition is restrained,

a second limit line (Li2) indicating an advance limit at which smoke is restrained,

a third limit line (Li3) indicating an advance limit at which knocking is restrained, and

a fourth limit line (Li4) indicating a retard limit at which combustion stability is ensured, and

define a parameter region (R;;,,) surrounded by the plurality of limit lines (Li1 to Li6) on the parameter map
(Mjir), and

the controller (10) is configured to select the control point so that the ignition timing is brought to maximum
advance within a range of the parameter region (R;;,)-

11. The engine system according to claim 10, wherein

the controller (10) is configured to shift the control point onto any one of the limit lines (Li1 to Li6) constituting the
parameter region (R;;;,) when the control point falls outside the parameter region (Rj,,) in response to a reduction
of the parameter region (R;,,), and

the controller (10) is configured to shift the control point each time a combustion cycle is repeated so that the
ignition timing is brought to maximum advance within a range of the parameter region (R;;,,) after the reduction.
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The engine system according to claim 11, wherein the controller (10) is configured to execute the step of shifting the
control point onto any one of the limit lines (Li1 to Li6) within one combustion cycle through feedforward control based
on the operating state of the engine.

The engine system according to any one of claims 10 to 12, wherein the controller (10) is configured to shift the control
point each time a combustion cycle is repeated when the ignition timing is brought to non-maximum advance in
response to an expansion of the parameter region (Ry;,,) so that the ignition timing is brought to maximum advance
within a range of the parameter region (Rj;,,) after the expansion.

The engine system according to any one of claims 10 to 13, wherein
a piston (3) is in the cylinder (11),
a cavity (31) is formed on an upper face of the piston (3), and
the plurality of limit lines (Li1 to Li6) further include a fifth limit line (Li5) indicating an advance limit for allowing the
fuel injected from the injector (6) to reach inside of the cavity (31).
The engine system according to any one of claims 10 to 14,
wherein the plurality of limit lines (Li1 to Li6) further include a sixth limit line (Li6) indicating an advance limit for

allowing the fuel injected from the injector (6) to reach the one or more spark plugs (251, 252), and/or
wherein the fourth limit line (Li4) indicates a retard limit of the ignition timing.
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